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ANALYSIS OF STORMFURY DATA 
USING THE VARIATIONAL OPTIMIZATION APPROACH
CHAPTER I  
INTRODUCTION
Two b a s ic  q u e s tio n s  must be answered in  any a ttem p t to  d e te rm in e  
p o s s ib le  e f f e c t s  o f  a r t i f i c i a l  m o d if ic a t io n  a tte m p ts . The f i r s t  q u e s tio n  
which should  be  answered i s  what changes in  s t r u c tu re  o r  in t e n s i ty  a c tu a l ly  
o ccu rred . The second q u e s tio n  i s  w ere a l l  o r any p o r t io n  o f  th e se  
changes a  r e s u l t  o f  th e  m o d if ic a tio n  experim en ts. This approach a t ­
tem pts to  p ro v id e  answ ers fo r  th e  f i r s t  q u es tio n  and p re s e n ts  s tro n g  
evidence f o r  answ ering  th e  second.
There a re  many background q u e s tio n s  which m ust a ls o  be co n s id e re d  
b efo re  lo o k in g  a t  th e  d e t a i l s  fo r  th e  p a r t i c u la r  c a se s . For in s ta n c e ,  
what i s  th e  l ik e l ih o o d  th a t  a  h u r r ic a n e  goes through a  n a tu ra l  d iu rn a l  
v a r ia t io n ?  The seed ing  cases  s tu d ie d  in  t h i s  paper were c o n tin u o u s ly  
m onitored fo r  n e a r ly  tw enty fo u r h o u rs  and the  a c tu a l  seed ing  o ccu rred  
over a te n  hour p e r io d . T h e re fo re , any n a tu ra l  d iu rn a l  v a r ia t io n  would 
have to  be c o n s id e re d  in  th e  a n a ly s is .  Many o th e r  f a c to r s  must be ta k en  
in to  account in  th e  a n a ly s is ,  such as a re  changes in  in t e n s i ty  o f  th e  h u r r i -  
canes r e l a t e d  to  th e  lo c a tio n  o f  th e  sto rm , o r i s  th e re  any c o r r e la t io n  
between th e  s iz e  o f  th e  h u r r ic a n e  eye and i t s  p re se n t o r fu tu re  changes
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in  in te n s i ty ?  Do s tro n g e r  o r w eaker storm s o r  in te n s i fy in g  o r decay ing  
storm s e x h ib i t  c h a r a c te r i s t i c  f lu c tu a t io n s ?  There a re  many more q u e s tio n s  
s im ila r  to  th e se  w hich could be asked and th e  au th o r has a ttem p ted  to  
answer many o f  th e se  q u es tio n s  in  p re v io u s  papers (S h e e ts , 1969, 1970, 
197 2 a ,b ).
T h e o re t ic a l ly ,  i t  would appear to  be a sim ple m a tte r  to  determ ine 
w hat changes o ccu r. However, in  p r a c t i c e ,  th i s  becomes a  v ery  d i f f i c u l t  
problem .
H ighly in strum en ted  a i r c r a f t  have been c o l le c t in g  in v a lu a b le  in ­
fo rm ation  w ith in  th e  h igh  energy p o r t io n  o f  th e  h u r r ic a n e  fo r  th e  p a s t 
few y e a rs .  Many problem s a s s o c ia te d  w ith  th e  p ro cess in g  o f  th e  d a ta  
c o l le c te d  have been encountered  and so lv e d . However, some s ig n i f i c a n t  
sou rces o f  e r r o r  co n tin u e  to  p lague th e  re s e a rc h e r  when a n a ly z in g  th e se  
d a ta .  One such sou rce  o f  e r r o r  i s  in  p o s it io n in g  th e  d a ta  w ith  r e s p e c t  
to  some f ix e d  re fe re n c e  p o in t such a s  th e  c e n te r  o f  th e  moving sto rm .
T his c e n te r  i s  u s u a lly  taken  as  th e  geom etric  c e n te r  o f  th e  "eye" o f  th e  
storm  as determ ined  by ra d a r .  O ften  th e  ra d a r  eye i s  n o t c i r c u la r  and 
sometimes i s  d isc o n tin u o u s . Even more d e tr im e n ta l i s  th e  f a c t  t h a t  con­
tin u o u s  d is p la y s  o f  th e  ra d a r  c e n te r  a re  n o t always a v a i la b le .  In  ad d i­
t i o n ,  th e  d o p p le r ra d a r  system  i s  a f f e c te d  by th e  moving s u r fa c e  w a te r 
and heavy p r e c ip i t a t io n  and can c o n t r ib u te  to  th e se  p o s i t io n  e r r o r s .
O ther p aram eters  a lso  c o n ta in  s ig n i f i c a n t  sources o f e r r o r s  and th e  r e s u l t  
i s  t h a t  c o n s id e ra b le  e f f o r t  i s  re q u ire d  in  th e  p ro c e ss in g  o f  th e se  d a ta .  
Much s k i l l  and knowledge has been a t ta in e d  in  th e  a r t  o f p ro c e s s in g  th e se  
d a ta  over re c e n t y e a rs  and i s  d i r e c te d  a t  m inim izing th e se  e r r o r s .  How­
e v e r , s ig n i f i c a n t  e r r o r s  rem ain in  th e  p rocessed  d a ta .
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S ev e ra l case s tu d ie s  of th e  h ig h  energy  p o r t io n  o f th e  h u rr ic a n e  
have been com pleted over the  p a s t  few y e a r s .  These s tu d ie s  show a v a r ie ty  
o f ty p e s , s iz e s  and s tre n g th s  o f  h u r r ic a n e s .  For in s ta n c e , H urricanes 
Dora (1964) (S h e e ts , 1968), and H elene (1958) (Colon, 1964) were r e l a t i v e ly  
s tro n g  storm s which covered a v e ry  la rg e  a re a  w h ile  H urricane  Daisy (1958) 
(Colon, 1961) was a sm a ll, c o n c e n tra te d , in te n s e  storm  du ring  the  p erio d  
in v e s t ig a te d .  H u rrican es  H ilda  (1964) (Hawkins & Rubsam, 1968) and Cleo 
(1958) (La Seur & Hawkins, 1963) were somewhere between th e se  two extrem es 
in  s iz e  and s t r u c tu r e  w h ile  J a n ic e  (1958) and E l la  (1 9 6 2 )(S h ee ts , 1967a,b)
were g e n e ra lly  le s s  o rgan ized  th an  any o f  th e  above storm s during  the
p erio d  o f  th e  s tu d ie s .  However, th e re  w ere many common fe a tu re s  fo r  a l l  
th ese  s to rm s.
Q uite  p e r t in e n t  to  t h i s  study  i s  th e  p re se rv e  o f  sm all a re a s  o f 
extremum (maximum and minimum) v a lu e s  o f th e  v a r io u s  param eters such as 
wind speed , te m p e ra tu re , and m o is tu re , as shown in  th e  h o r iz o n ta l  a n a ly se s . 
O ften , th e se  maximum c e n te rs  a re  a s s o c ia te d  w ith  m ajor ra inbands or 
s tro n g  c e l l s  w ith in  th e  ra in b a n d s. These f e a tu r e s  a p p a re n tly  c i r c u la t e ,  
p ro p ag a te , o r  form and d is s ip a te  around th e  storm  c e n te r  and a re  q u ite  
prom inent in  th e  mid and lower tro p o sp h e re . The r e s u l t  o f  th i s  n a tu ra l  
c o n d itio n  i s  t h a t  la rg e  f lu c tu a t io n s  o f  a g iv e n  v a r ia b le  such as wind 
speed a re  observed  bo th  in  space and tim e . For in s ta n c e , i t  i s  no t un­
common to  n o te  wind speed changes o f  as  much a s  30 p e rc e n t o r more in  a 
few m inutes tim e a t  a p o s it io n  f ix e d  w ith  r e s p e c t  to  th e  storm c e n te r .  
F lu c tu a tio n s  o f  t h i s  same m agnitude a re  observed  over s h o r t  h o r iz o n ta l  
d is ta n c e s  in  sp ace . Both o f th e se  f e a tu r e s  a re  r e a d i ly  apparen t in  the 
a n a ly ses  o f  H urrican e  Dora on September 7 and 8 , 1964 (S h ee ts , 1968).
These f lu c tu a t io n s  can e a s i ly  mask changes in  th e  m çsoscale in te n s i ty  or
s t r u c tu re  o f  th e  sto rm . We would l i k e  to  s tu d y  a l l  s c a le s  p re s e n t ,  b u t
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th i s  would re q u ir e  a d e n s ity  o f  d a ta  In  both  tim e and space w hich i s  no t 
o p e ra t io n a l ly  p o s s ib le  to  o b ta in  a t  t h i s  tim e.
I t  appears th a t  much o f  th e  la rg e  f lu c tu a t io n s  a re  co n ta in ed  In 
a few s e le c te d  s c a le s  o f m otion. I f  th i s  I s  t r u e ,  then  I t  seems n eces­
sa ry  to  determ ine what th e se  s c a le s  a r e ,  t h e i r  c o n tr ib u tio n s  to  th e  t o t a l  
change, th e i r  c o n se rv a tiv e n e ss  from hour to  h o u r, day to  day ,and  storm 
to  storm , and w hether o r n o t th e se  f e a tu r e s  a re  a f fe c te d  by s p e c if ie d  
types o f a r t i f i c i a l  m o d if ic a t io n  a tte m p ts . In  o rd er to  accom plish  th i s  
ta sk , some f i l t e r i n g  tech n iq u es  m ust be dev ised  which w i l l  e f f e c t iv e ly  
se p a ra te  th e  c o n tr ib u tio n s  from th e  d e s ire d  s c a le s  o f m otion . An In d i­
c a t io n  o f th e  p robab le  su ccess  o f  t h i s  approach was a t ta in e d  In an e a r l i e r  
study  by the  au th o r (unpub lished ) which showed th a t  sim ple f i l t e r i n g  te c h ­
n iques c o n s id e ra b ly  d ecreased  th e  m agnitude o f  th e  changes. For in s ta n c e , 
some sh o r t space and tim e av erag es  o f  th e  maximum wind speed bands reduced 
th e  f lu c tu a t io n  o f th e  maximum wind speed to  le s s  than  one th i r d  o f I t s  
o r ig in a l  v a lu e  In fo u r o f  f iv e  storm s s tu d ie d  and s t i l l  appeared  s e n s i­
t iv e  to  m ajor changes. S tandard  f i l t e r i n g  techn iques  seem to  be some­
what d i f f i c u l t  to  apply  due to  th e  overwhelming p ercen tag e  c f  th e  v a ria n c e  
being con ta ined  In th e  lo n g e r w aveleng th  f e a tu r e s .  Unequal d a ta  len g th  
re c o rd s , la rg e  v a r ia t io n s  in  end p o in t  v a lu e s  and m isp o s ltlo n ed  d a ta  
p re se n t o th e r  problem s o f  s ig n i f i c a n t  m agnitude. The rem oval o f some 
mean p r o f i l e  would allow  one to  s tu d y  the  sm a lle r s c a le  f e a tu r e s  In  more 
d e t a i l .  However, th e  c o n s tru c t io n  o f  th i s  p r o f i l e  Is  q u i te  a r b i t r a r y  
and m isp o s ltlo n ed  d a ta  cou ld  g ive  v e ry  la rg e  m islead ing  r e s u l t s .  Many 
o f  th e  more re f in e d  te ch n iq u es  become q u ite  com plicated  and, even more 
damaging, r e q u ire  a c o n s id e ra b le  number o f f ix e d  end p o in t v a lu e s .  The 
v a r ia t io n a l  o p tim iz a tio n  approach o f f e r s  a method o f o b ta in in g  n e a r ly  the
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same in fo rm a tio n  w ith  much le s s  d i f f i c u l t y  as w e ll as p ro v id in g  a system ­
a t i c  method fo r  f i l l i n g  in  m issin g  d a ta .
A m ajor p o r tio n  o f t h i s  study  was d ir e c te d  a t  developing  and 
apply ing  th e  v a r ia t io n a l  o p tim iz a tio n  techn ique to  th e  d a ta  c o l le c te d  in  
H urricane Debbie on August 18 and 20, 1969. A nother p o r tio n  o f  t h i s  
study u ses  th e  v a r ia t io n a l  o p tim iz a tio n  approach as  a means o f d e te r ­
mining th e  degree o f  the  v a l id i t y  o f th e  g ra d ie n t wind model. A d is c u s s io n  
o f th e se  te ch n iq u es  w i l l  be g iven  in  th e  n ex t c h a p te r .
The f i l t e r e d  d a ta  were s t r a t i f i e d  accord ing  to  th e  s c a le  o f  m otion 
and a d e te rm in a tio n  o f th e  v a r i a b i l i t y  o f  the  v a r io u s  param eters w ith in  
each s c a le  was made. An a ttem p t was made to  determ ine i f  th e re  was an 
o rgan ized  sequence o f  changes, say from sm all s c a le s  to  la rg e r  s c a le s .
This was done to  develop a more e x p l i c i t  seeding  h y p o th e s is . P a r t i c u la r  
em phasis i s  p laced  on d e term in ing  a s e t  o f ev en ts  which may occur w ith  
the  seeded case  and n o t w ith  th e  non-seeded ca se . This approach seems 
necessa ry  s in c e  i t  i s  im probable th a t  enough seed ing  cases  w i l l  be a v a i l ­
ab le  in  th e  near fu tu re  fo r  app ly ing  s tan d ard  s t a t i s t i c a l  t e s t s .  The 
d e s ire d  r e s u l t  would be th a t  the  p ro b a b i l i ty  th a t  t h i s  s e t  of ev en ts  
would occur n a tu r a l ly  would be q u ite  low.
CHAPTER II
HURRICANE DEBBIE (1969) SEEDING EXPERIMENTS 
AND RELEVANT HYPOTHESES
R osen tha l (1971) has  p rov ided  an e x c e l le n t  h i s t o r i c a l  rev iew  and 
I n te r p r e ta t io n  o f  th e  developm ent and e v o lu tio n  o f  h u r r ic a n e  "eyew all"  
seed ing  h y p o th e se s . S e le c ted  e x c e rp ts  o f  th e  r e p o r t  a re  re p e a te d  below , 
b u t I t  I s  recommended th a t  th e  re a d e r  r e f e r  to  C hapters IV and V o f  th e  
r e p o r t  re fe re n c e d  above to  o b ta in  a more com plete u n d e rs tan d in g  o f  th e  
" se ed in g  h y p o th e s is  e v o lu tio n " .
Many s tu d ie s  have shown th a t  th e  h u r r ic a n e  "eyew all"  c loud  I s  
g e n e ra lly  lo c a te d  In  th e  re g io n  o f maximum lo w -lev e l p re s s u re  g r a d ie n t .  
E a rly  I n v e s t ig a to r s  b e lie v e d  th a t  th e se  w a ll c louds co n ta in ed  s i g n i f i ­
c a n t q u a n t i t i e s  o f  supercoo led  w a te r . T h is b e l i e f  was v e r i f i e d  In  re c e n t 
In v e s t ig a t io n s  (S h e e ts , 1969). These f a c t s  le d  Simpson and Malkus (1964) 
to  p ropose an "ey ew all"  seed ing  h y p o th e s is . This h y p o th e s is  ( re fe re n c e d  
as H ypo thesis  I )  I s  p a rap h rased  by R osenthal (1971) as fo llo w s ;
" I f  t h i s  su percoo led  w ate r w ere fro z e n  through n u c lé a t io n  
by s i l v e r  Io d id e  c r y s t a l s ,  th e  re le a s e d  h e a t  o f  fu s io n  
would p roduce tem p era tu re  In c re a s e s ; and th e r e f o r e ,  
h y d r o s ta t i c a l ly ,  p re s su re  d ec re a se s  n ear th e  re g io n  o f  
th e  s t r o n g e s t  p re s s u re  g ra d ie n t .  I f  th e  c e n t r a l  p re s s u re  
d id  n o t conco m itan tly  d e c re a se , a re d u c tio n  In  maximum 
p re s s u re  g r a d ie n t ,  and In  tu rn ,  a  r e d u c tio n  In  wind 
speed shou ld  be th e  n e t  r e s u l t . "
(The f re e z in g  o f  th e  su p erco o led  w a te r ,  o f  co u rse , enhances th e  n a tu r a l  
p ro c e sse s  o f  ic e  c r y s ta l  grow th and s p l in t e r in g ,  p ro v id in g  many more f r e e z ­
in g  n u c le i ,  w hich r e s u l t s  in  a  ra p id  m u l t ip l ic a t io n  o f  th e  r a t e  o f  r e le a s e  
o f  l a t e n t  h e a t  o f  su b lim a tio n  and f u s io n .)
R osen tha l then  o f f e r s  s e v e ra l  argum ents in d ic a t in g  a  n e c e ssa ry  
m o d if ic a tio n  o f  th e  h y p o th e s is  and im p lied  experim ents in  o rd e r  to  a t t a i n  
th e  d e s ire d  r e s u l t s .  The m ost s ig n i f i c a n t  o f  th e se  argum ents i s  t h a t  
" th e  f a c t  th a t  th e  eyew all d r iv e s  th e  s to rm 's  tr a n s v e rs e  c i r c u la t io n  and 
seed in g  th i s  re g io n  a lo n e  would v ery  l i k e ly  a c c e le ra te  t h i s  c i r c u la t io n  
th u s  p ro v id in g  a more ra p id  in flo w  o f bo th  an g u la r momentum and w a te r  
vapor to  th e  eyew all r e g io n " .
R osen th a l perform ed s e v e ra l  s im u la ted  seed ing  experim en ts w ith  
h i s  num erical h u r r ic a n e  m odel. The r e s u l t s  o f th e se  experim en ts and th e  
p h y s ic a l argum ents a g a in s t  H y po thesis  I  le d  him and o th e rs  a s s o c ia te d  w ith  
P r o je c t  S torm fury to  p ropose  a  d i f f e r e n t  h y p o th e s is  as fo llo w s:
"H ypothesis I I  d i f f e r s  from H ypothesis I  in  th a t  th e  l a t t e r  
c a l l s  fo r  seed in g  th e  eyew all alone w hereas th e  form er su g g e s ts  
seed in g  e i th e r  from th e  eyew all outward o r e n t i r e ly  outw ard 
from th e  ey ew all. W hile th e  lo g i s t i c s  o f  th e se  h y p o th eses  
d i f f e r  on ly  s l i g h t l y ,  th e  p h y s ic a l argum ents a re  su b s ta n ­
t i a l l y  d i f f e r e n t .  In  H ypo thesis I I ,  th e  b a s ic  id e a  i s  to  
s tim u la te  co n v ec tio n  and a s c e n t a t  r a d i i  g r e a te r  th a n  th a t  
o f th e  ey ew all. The re g io n  o f s tim u la te d  co n v ec tio n  i s  in ­
tended  to  compete w ith  th e  eyew all fo r  th e  in flo w in g  a i r  a t  
low le v e l s .  I f  s i g n i f i c a n t  p o r tio n s  o f  th e  in flo w  can be d i ­
v e r te d  upward a t  th e  seeded r a d i i ,  th e  an g u la r momentum and 
w a te r vapor s u p p lie s  to  th e  o r ig in a l  eyew all and wind m axi­
mum w i l l  be red u ced . As a  consequence, one would e x p e c t th e  
o r ig in a l  wind maximum to  be reduced and th e  eyew all co n v ec tio n  
to  be d im in ish ed ."
C a lc u la t io n s  by S h ee ts  (1969) in d ic a te  t h a t  i t  i s  d i f f i c u l t  to  
g e t  much more v e r t i c a l  grow th o f  th e  h u r r ic a n e  eyew all c loud by seed in g . 
T h is i s  a r e s u l t  o f  th e  v e ry  s ta b le  c o n d itio n  caused by th e  r e le a s e  o f  
l a t e n t  h e a t  a t  th e  upper l e v e l s .  However, as one proceeds outw ard from 
th e  e y e w a ll, th e  p o te n t i a l  f o r  in c re a se d  growth o f clouds ex ten d in g  above
8
th e  f re e z in g  le v e l  and c o n ta in in g  superco o led  w a te r in c re a s e s  m arkedly. 
This f a c t  along w ith  th e  knowledge o f  th e  p resen ce  o f  th e  re q u ire d  super­
cooled w ate r in  th e  c louds o u ts id e  th e  ey ew all (S h e e ts , 1969) o f f e r  f u r ­
th e r  ev idence su p p o rtin g  H ypo thesis  I I .
The H u rrican e  Debbie experim en ts c a r r ie d  o u t on August 18 and 20 
o f 1969 were perform ed in  th e  manner sugg ested  by H ypo thesis  I I .  These 
experim ents a re  d e sc r ib e d  in  c o n s id e ra b le  d e t a i l  by G entry  (1969). Only 
th a t  p o r tio n  d i r e c t l y  r e la te d  to  th e  a n a ly s is  in  t h i s  p ^ e r  i s  g iven  h e re . 
F ig . 1 shows th e  t r a c k  and g eo g rap h ica l lo c a t io n s  o f  th e  storm  during  th e  
two experim en ts . F ig . 2 shows th e  p a t te r n  o f  th e  seed in g  t r a c k .  F ive 
seed ing  ru n s  w ere made a t  approx im ate ly  two hour in t e r v a l s  d u rin g  each o f 
th e  two seed ing  ex p erim en ts . F ig . 3 shows the m o n ito rin g  p a t te rn s  fo r  
th e  v a rio u s  le v e ls  and F ig . 4 shows th e  f l i g h t  t r a c k s  o f  th e  NOAA R esearch 
F l ig h t  F a c i l i t y  DC- 6  a i r c r a f t .  The a n a ly s is  perform ed in  t h i s  paper i s  
based on th e  d a ta  o b ta in e d  d u rin g  th e se  m is s io n s . There w ere th re e  moni­
to r in g  f l i g h t s  a t  th e  1 2 ,0 0 0  f t  le v e l  on each  o f th e  two seed ing  days.
The p a t te r n  b a s ic a l ly  c o n s is te d  o f  two t r a v e r s e s  th rough  th e  c e n te r  o f th e  
storm  along th e  d i r e c t io n  o f  m otion and th en  r e p e t i t i v e  t r a v e r s e s  normal 
to  th e  a x is  o f  th e  storm  movement fo r  th e  rem ainder o f  th e  f l i g h t .  The 
m onito ring  m iss io n s  began some two hours p r io r  to  th e  f i r s t  seed ing  run  
and la s te d  some fo u r  to  s ix  h o u rs  a f t e r  th e  f i n a l  seed in g  e v e n t. M easure­
ments o f  th e  s ta n d a rd  m e te o ro lo g ic a l p a ram ete rs  a re  d i g i t a l l y  reco rded  on 
m agnetic tap e  a t  one second in te r v a l s  (Friedm an e t  a l ,  1969). These d a ta  
then  go through a  r ig o ro u s  p ro c e ss in g  p ro ced u re  where th e  w inds, a i r c r a f t  
p o s i t io n ,  e t c .  a re  recom puted from th e  raw d a ta  reco rd ed  on th e  o r ig in a l  
ta p e . This p rocedu re  in c lu d e s  c a l ib r a t io n  o f  th e  s ig n a l  reco rded  from 
se v e ra l in s tru m e n ts . These p rocessed  d a ta  w ere th e n  averaged over one
n a u t ic a l  m ile  r a d i a l  d is ta n c e  in te r v a l s  from th e  storm  c e n te r  fo r  in p u t 
in to  th e  a n a ly s is  scheme developed in  th e  n e x t c h a p te r .
CHAPTER III
DEVELOPMENT OF THE ANALYSIS EQUATIONS 
AND VARIABILITY FACTORS
The v a r ia t io n a l  techn ique  (S a sa k i, 1970b) is  used in  t h i s  paper as a 
means o f  f i l t e r i n g  and fo r  d evelop ing  a more e x p l i c i t  seed ing  h y p o th e s is .
The method i s  based  on a fu n c tio n a l th a t  d e f in e s  s e le c te d  o p tim iz a tio n  
c o n s t r a in ts .  Two d i f f e r e n t  fu n c tio n a ls  a re  used in  th i s  s tu d y . The 
f i r s t  f u n c t io n a l ,  J ^ ,  c o n s is ts  o f two low -pass f i l t e r s  w ith  an " o b se r ­
v a t io n a l  c o n s t r a in t" .  The second fu n c t io n a l ,  J ^ , co n ta in s  th e  " g ra d ie n t  
wind c o n s tr a in t"  in  a d d i t io n  to  J ^ .
The f i r s t  fu n c tio n a l  i s  d e fin e d  as fo llow s;
(1)
where 6 i s  any v a r ia b le ,  9 i s  th e  observed  v a lu e  o f 9 and r  i s  r a d ia l  
d is ta n c e  from th e  h u r r ic a n e  c e n te r .  The f i r s t  two term s a c t  as low -pass 
f i l t e r s  and th e  l a s t  term  i s  s im ila r  to  a " le a s t - s q u a re  f i t t i n g "  o f  th e  
d eriv ed  f i e l d  to  th e  o b se rv a tio n s  (Wagner, 1971). These th re e  term s w i l l  
be r e f e r r e d  to  in  th e  rem ainder o f  t h i s  paper as th e  c u rv a tu re , g r a d ie n t ,  
and o b s e rv a tio n a l  c o n s t r a in t s , r e s p e c t iv e ly .  The q u a n t i t i e s  a ,  Y, and g 
a re  the  w e ig h ts  p laced  on t h e i r  r e s p e c t iv e  term s and as w i l l  be shown 
l a t e r  de term ine th e  degree  o f  f i l t e r i n g  imposed on the  a n a ly se s .
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The nondim ensional f i n i t e  d if fe re n c e  analog  fo r  (1) as d e riv ed  
In  Appendix A (symbols a re  d e fin ed  In Appendix A) become:
J l  = S + Y(7j.e)^ + « ( 8  Ar (2)
A ll term s a re  q u a d ra t ic .  T h ere fo re , th e  minimum o f th e  v a lu e  of th e  func­
t io n a l  w i l l  be o b ta in ed  by tak in g  the f i r s t  v a r ia t io n  o f ( 2 ) w ith  r e s p e c t  
to  0 and l e t t i n g  th e  f i r s t  v a r ia t io n  v an ish  under the  p ro p er boundary 
c o n d itio n .
Before perform ing  th e  m an ip u la tio n s  a s s o c ia te d  w ith  v a r ia t io n a l  
c a lc u lu s ,  th re e  r u le s  should be noted ;
1. V a r ia t io n  and d i f f e r e n t i a t i o n  are  perm utable p ro c e sse s , th u s;
6 v^e = v^ôG
11. V a r ia t io n  and In te g ra t io n  a re  perm utable p ro c e s se s , th u s ;
and
where cp and i jr  r e p re s e n t  a r b i t r a r y  fu n c tio n s  which can Include d i f f e r e n t i a l  
o p e ra to rs  and 6 r e p re s e n ts  th e  v a r ia t io n a l  o p e ra to r .
A pplying th e  above ru le s  and tak in g  the  f i r s t  v a r ia t io n  o f  (2) 
w ith  re s p e c t  to  0 , we o b ta in
6 g J i  = {3(V^^0)^ +Y (V ^e)^ +O '(0-*0)^} 6 r  = 0
o r
= 2  {23(V^29)(Vj.^(60))+2Y(V^0)(V^(69))
^  , (3)
+ 2û'(e -  0)60} Ar = 0
We now use summation by p a r ts  and assume n a tu ra l  boundary c o n d itio n s
(S asak i, 1969), I . e . ,
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E V (A60)6x = E V (A)606x + E AV (6 6 ) 6 x
X ^  X *  X X
which becomes
E AV (60)6x = E V (A) 606x = - E V (A)606x
X X ^  X •"
when we assume th e  boundary c o n d itio n s  o f Ô0 = 0 a n d /o r A = 0 on the  
b o u n d arie s . T h e re fo re , (3) becomes
= E {2PV^^(V^^0)66 -  2VVj.(V^0)60 +  &r(0 - '0 )6 e ]  6 r  = 0
or
ÔqJ^  = s  {[23V^^e -  2YV^^0 +  2»(0 - '? ) ]6 0 ]A r  = 0 (4)
S ince th e  v a r i a t io n  Ô0 i s  a r b i t r a r y ,  Eq. (4) im p lie s  th a t
PVj.^0 -  Yv^^e + # (0  - e )  = 0 (5)
which i s  th e  c l a s s i c a l  E u ler-L agrange o r E u le r e q u a tio n  and a ls o  i s  r e ­
f e r r e d  to  as  th e  a n a ly s is  e q u a tio n  in  S a s a k i 's  method o f  v a r ia t io n a l  a n a l­
y s i s .  T h is e q u a tio n  i s  r e a d i ly  so lved  by s ta n d a rd  i t e r a t i v e  te ch n iq u es . 
The Liebraann method was used fo r  th i s  paper and i s  i l l u s t r a t e d  in  Appendix 
A.
Response F unction  
The resp o n se  fu n c tio n  fo r  the  f i n i t e  d if f e r e n c e  analog  o f th e  
a n a ly s is  Eq. (5) i s  d e r iv e d  in  o rd e r to  de term ine  th e  d e s ire d  v a lu e s  fo r  
th e  w eigh ts  o', X, and 0 . The components o f  th e  " t r u e "  and analyzed  f i e l d ,  
0 ^ and 9 ^, r e s p e c t iv e ly ,  a re  assumed to  be re p re s e n te d  by
?  = and 6 =n n
,  g^ikoAr ^IkAr
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9n+2 '
e , = e-ikArn - 1
IknAr -2ikA r
®n- 2  = B=
d * Ar and r  = nAr
where k i s  th e  wave number and A and B a re  c o n s ta n ts .
S u b s t i tu t in g  (6 ) in to  (5) we o b ta in
+  & -  * e“ ' -  4 e - “ ' ] / A r '‘
-  -  2 ] /4 r^  + a} =
or
iknAr .  ,
— il^jiAr "  o(/(o( -  "Y[2coskAr -  2 ]/A r +  &[ 2cos 2kAr -  8 cos kAr + 6] /A r  } 
Ae
D efin ing  th e  resp o n se  fu n c tio n  R to  be th e  r a t i o  o f  th e  analyzed  v a lu e  
to  th e  tru e  v a lu e  r e s u l t s  in
R = e/e"
or
2R = 1 / [ 1  -  2y ( c o s  kAr -  l)/orAr'‘
+ 2g (c o s  2 k A r-4 co s  kAr +  3)/aA r^]
(7)
The w avelength  L i s  ex p ressed  in  m u ltip le s  o f the  g r id  s iz e  and d e s ire d  
q u a n t i t i e s  a re  d e f in e d  as
L = PAr k = 2n/L
or
L = 2rr/k and Ar = L/P = 2rr/kP (8 )
where P i s  th e  number o f  g r id  in te r v a ls  per w aveleng th . S u b s t i tu t in g  from
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(8 ) in to  (7) fo r  Ar in  a l l  lo c a t io n s ,  fo r  k in  the argum ent o f  th e  co sin e  
fu n c tio n , and in tro d u c in g  th e  f a c to r  k /k ^ , where k^ i s  some c h a r a c t e r i s t i c  
wave number which i s  ta k en  a s  Zn/lOOnmi in  th i s  p ap e r, we o b ta in
R = l / { l  -  ^  “ T "  [co s  Y ~
1 2rr^ '^0
+ ~  [ c o s ( ^ )  - 4cos(-~ ) + 3 ]}
“ 32TT4 *0  ̂ f
S u b s t i tu t in g  fo r  P in  (9) where
and
Ar = In m i o r  f i n a l l y ,  P = 1 0 0 /(k /k ^ ) ,
we o b ta in
R = l / [ l  ( 1 0 0 ) ^ [ c o s ( ~ ~ ^ )  - 1]
Y 32 n4 100 100 ^
F ig . 6 i l l u s t r a t e s  th e  above response  f a c to r  p lo t te d  as a fu n c tio n  
o f th e  w avelength and fo r  s e le c te d  v a lu es  o f the w eigh ts  a ,  Y> and p.
F ig . 6 a lso  i l l u s t r a t e s  th e  d if f e re n c e  between s e le c te d  low -pass f i l t e r  
resp o n se  cu rv es . In  some c a s e s ,  th e  r e s u l t in g  d if fe re n c e  has been am pli­
f ie d  to  make th e  peak re sp o n se  v a lu e  equal to  1. These low -pass and band­
p ass  f i l t e r s  a re  used e x te n s iv e ly  in  th e  a n a ly s is  p o r tio n  o f  t h i s  p ap e r. 
They w i l l  be r e f e r r e d  to  as  f i l t e r s  A, B, and C, and band f i l t e r s  D, E, 
and F, correspond ing  to  t h e i r  d e s ig n a tio n  in  F ig . 6 .
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Dynamic C o n s tra in t 
A sim ple model w hich i s  sometimes ap p lied  to  p o r tio n s  o f  th e  h u r r i ­
cane i s  th e  g ra d ie n t  wind model. The g ra d ie n t wind eq u a tio n  which r e p re ­
se n ts  a b a lan ce  among th e  c e n t r i f u g a l ,  c o r i o l i s ,  and p re s s u re  g ra d ie n t 
fo rc e s ,  w hich r e s u l t s  in  c i r c u l a r  m otion p a r a l l e l  to  th e  io sb a rs  i s  
b e lie v e d  to  re a so n a b ly  d e s c r ib e  th e  r e la t io n s h ip  betw een th e  wind and
p re ssu re  in  m ost o f  th e  h ig h  energy  p o r tio n  o f  th e  h u r r ic a n e . This r e l a ­
tio n sh ip  per u n i t  mass can be w r i t t e n  m ath em atica lly  as
^  ■ p I ?  "  °  ( 1 1 )
where
c i s  th e  g ra d ie n t  wind speed
r  i s  th e  r a d ia l  d is ta n c e  from th e  c e n te r  o f th e  c i r c u la t io n
p i s  p re s s u re  
p i s  th e  d e n s i ty ,  and
f  i s  th e  c o r i o l i s  param eter which i s  assumed to  be con­
s t a n t  over th e  range o f th e  storm  in  t h i s  p ap er, i . e . ,  
f  = 4.98802 X 1 0" 5  s e c " l a t  20°N.
Eq. (11) can be r e w r i t t e n  as
2
“  + f c - g | ^  = 0  ( 1 2 )
where by use o f th e  h y d r o s ta t ic  approxim ation  th e  p re s su re  g ra d ie n t term  
is  r e w r i t te n  as
1  5p ÔZ 
F  d r  “  ® 3 r
A f u n c t io n a l  c o n ta in in g  the  o b se rv a tio n a l and g ra d ie n t wind con­
s t r a i n t s  as w e ll  as  th e  two low -pass f i l t e r s  co n ta in ed  in  can be
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w r i t te n  as




where |ig , and |j,^ a re  th e  re s p e c t iv e  w eigh ts  on th e  low -pass f i l ­
t e r s ,  (X and Y a re  th e  w eigh ts  on the wind and h e ig h t o b se rv a tio n a l con­
s t r a i n t s ,  r e s p e c t iv e ly ,
3 i s  the  w eigh t on th e  g ra d ie n t wind c o n s tr a in t
V i s  the  observed wind speed
z i s  th e  observed h e ig h t o f th e  d e s ig n a ted  p re ssu re
su rfa c e
g i s  th e  a c c e le ra t io n  due to  g ra v ity
and th e  rem aining v a r ia b le s  a re  as p re v io u s ly  d e fin e d .
The nondim ensional f i n i t e  d if fe re n c e  analog fo r  (13) as deriv ed  
in  Appendix A is
2
J -  = S (o (c  -"v)^ + Y(z " ^ ) ^  + P ( ~ + ^ " ; ^  V z )^
/  r  r  F ^
(14)
We w ish to  m inim ize th e  summatior. S ince  a l l  term s are  q u a d ra t ic ,  
we take  th e  f i r s t  v a r i a t io n  o f th e  fu n c tio n a l (14) w ith  r e s p e c t  to  c and z , 
and then  s e t  th e  r e s u l t  euual to  ze ro . Using th e  r u le s  o f c a lc u lu s  
o f  v a r ia t io n s  and in te g r a t io n  by p a r ts  as were p re v io u s ly  shown, we o b ta in
'c ,  z h  ■ ^ c . z  ?  (





“ 7 2  : p  V p(6z))
2
+ 2P ( ~  + ~  -  - ^  V z) ( ~  + ~ ) 6 c r  Kq r  r  Rq
-  2p,^V^^c6c + 2^2 V^^côc -  2p,̂  V^^z6z + 2p,̂  V^^z6z}Ar
=  0
S { [2a ( c - ^ + 2P ( ^ + ^ - ^  v ^ z ) ( - ^ + i )
2fi^ Vj.^c + 2m-2 ^ r ^ c ] 6 c
2  (15)
+  [ 2y (z  - z) + 2^  ( i  9 ^ 0 ^ - - ^ + ^  V^c -  V^^z)
r “ " 0
-  2p,g 9^^z +  2|i^ Vy^z]6z} Ar = 0
Since 6 c and 6 z a re  a r b i t r a r y ,  we o b ta in
and
+ M«2 Vp^c + QfCc -  v) = 0
p  V  + ;  - p ]
4 2
+ M-4 ^ r  ^ “ ^ 3  \  ^ « (z  -  z) = 0
(16)
(17)
where (16) and (17) a re  the  r e s u l t in g  nondim ensional f i n i t e  d if fe re n c e  
analogs to  th e  E u ler-L agrange o r a n a ly s is  eq u a tio n s  fo r  the  fu n c tio n a l 
(1 3 ). T h is s e t  o f  a n a ly s is  eq u a tio n s  i s  so lved  by th e  Liebmann i t e r a t i v e  
techn ique  as  d isc u sse d  in  Appendix A.
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V a r ia b i l i ty  F a c to rs  
The v a r i a b i l i t y  f a c to r s  d e fin e d  and used in  t h i s  paper a re  s im ila r  
to  the  ty p ic a l  g u s t f a c to r  used in  wind a n a ly se s . However, th e  f a c to r s  
d e fin ed  in  th i s  paper a re  fo r  th e  s e le c te d  s c a le s  o f  m otion and a re  de­
f in e d  n o t only  fo r  th e  wind speed , b u t a ls o  fo r  o th e r  s tan d ard  m e teo ro lo ­
g ic a l  param eters . T h is f a c to r  i s  determ ined  from th e  f i l t e r e d  q u a n t i t i e s  
and excep t fo r  th e  wind speed , u ses J o rd a n 's  (1958) mean t r o p ic a l  co n d i­
t io n s  as a b ase . The mean t r o p ic a l  wind speed i s  assumed to  be sm all in  
com parison to  th e  h u r r ic a n e  wind speed and i s  th e re fo re  n e g le c te d .
The wind v a r i a b i l i t y  a s s o c ia te d  w ith  s c a le s  o f  m otion determ ined  
by hand-pass f i l t e r s  D, E, and F r e s p e c t iv e ly  a re  d e fin e d  as
VARIB W1 = [BFLTR (D)]/[FLTR (A)] , (18)
VARIB W2 = [BFLTR (E)]/[FLTR (B)] , (19)
VARIB W3 = [BFLTR (F)]/[FLTR (C)] , (20)
where BFLTR (D), (E ) , and (F) a re  th e  a b s o lu te  v a lu e s  of th e  analyzed  
f i e l d  o b ta in ed  by ap p ly in g  band f i l t e r s  (D ), (E ) , and (F) (F ig . 2) 
r e s p e c t iv e ly ,  to  a  s e t  o f  observed  wind d a ta .  L ikew ise, FLTR (A ), (B ), 
and (C) a re  th e  analyzed  v a lu e s  o b ta in ed  by app ly ing  f i l t e r s  (A), (B ), 
and (C) to  th e  same s e t  o f  d a ta .
The p re s s u re  v a r i a b i l i t y  i s  d e fin e d  in  th e  same manner as fo r  
th e  w inds excep t th a t  a b ase  c o n d itio n  i s  a p p lie d  u s in g  th e  mean t r o p i c a l  
a tm osphere. T hat i s ,
VARIB P I = [BFLTR (D )]/[H ^ “ ^  (A)] (21)
VARIB P2 = [BFLTR (E )]/[H ^  -  H^ - FLTR (B)] (22)
VARIB P3 = [BFLTR (F )] /[Ë ^  -  H^ - FLTR (C)] (23)
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where BFLTR and FLTR a re  d e fin e d  as above excep t th a t  th e  d a ta  a re  'D ' 
v a lu e s ,  i s  th e  h e ig h t  o f th e  p re s s u re  su rface  In th e  mean t r o p i c a l  
atm osphere from which the  'D ' v a lu e  Is  ob ta ined  ( re fe re n c e  l e v e l ) ,  and 
Hy Is  th e  h e ig h t  o f th a t  same p re s s u re  su rfa c e  In th e  U .S. s ta n d a rd  atm os­
p h ere . T his f a c to r  Is  re q u ire d  because the  'D ' v a lu e  I s  d e fin e d  as th e
h e ig h t  d e v ia t io n  o f th e  p re s su re  su rfa c e  from the  h e ig h t o f th a t  same
p re s s u re  su rfa c e  In  th e  U .S. s ta n d a rd  atm osphere.
The tem pera tu re  v a r i a b i l i t y  I s  a lso  d e f in e d , th rough  u se  o f  a 
base  c o n d itio n  determ ined  from th e  mean t r o p ic a l  atm osphere. I . e . ,
VARIB T1 = [BFLTR (D)]/[FLTR (A) -  .98 xT] (24)
VARIB T2 = [BFLTR (E)]/[FLTR (B) -  .98 xT] (25)
VARIB T3 = [BFLTR (F)]/[FLTR (C) -  . 98xT] (26)
where BFLTR and FLTR a re  as p re v io u s ly  d e fin e d  ex cep t th a t  th e  a n a ly s is  
now r e f e r s  to  tem pera tu re  and T I s  th e  mean t r o p ic a l  tem p era tu re  fo r  the 
d e s ir e d  re fe re n c e  le v e l .  The a r b i t r a r y  f a c to r  o f  .98 was used to  avo id  
d i s c o n t in u i t i e s  which a r i s e  when th e  d e v ia tio n  approaches z e ro . In  p ra c ­
t i c e ,  th e  v a lu e s  fo r  FLTR and T a re  used In degrees a b s o lu te .
The m ixing r a t i o  v a r i a b i l i t y  I s  defin ed  as
VARIB Ml = [BFLTR (D)]/[FLTR (A) -  M] (27)
VARIB M2 = [BFLTR (E)]/[FLTR (B) -  M] (28)
VARIB M3 = [BFLTR (F)]/[FLTR (C) -  M] (29)
and
where a l l  f a c to r s  a re  as p re v io u s ly  d e fin ed  where a p p lie d  to  th e  m o istu re  
f i e l d  and M I s  th e  m ixing r a t i o  v a lu e  fo r  th e  s p e c if ie d  re fe re n c e  le v e l  
In  th e  mean t r o p i c a l  atm osphere.
CHAPTER IV
ANALYSIS OF HURRICANE DEBBIE AUGUST 18, 1969
The method o f  a n a ly s is  d e sc rib e d  in  Chapter I I  i s  a p p lie d  to  d a ta  
c o l le c te d  in  h u r r ic a n e  Debbie on August 18, 1969. These d a ta  w ere r e ­
corded onboard th e  NCAA DC- 6  a i r c r a f t  and w ere p rocessed  in  th e  manner 
d esc rib ed  in  C hapter I I .  The v a r ia b le s  in v e s t ig a te d  a re  w ind, tem per­
a tu re ,  m o is tu re , and p re s s u re . The d a ta  a re  assumed to  be c o l le c te d  
in s ta n ta n e o u s ly  on a g iven  pass . In  a c t u a l i t y ,  the  tim e re q u ire d  fo r  
the  a i r c r a f t  to  make a s in g le  pass through th e  storm  i s  approx im ate ly  20  
to  30 min. These d a ta  a re  then  averaged over sm all space and time 
in te rv a ls  fo r  in s e r t io n  in to  the  a n a ly s is  e q u a tio n s . The g r id  in te r v a l  
chosen fo r  th e  a n a ly s is  was 1 n mi.
K in e tic  Energy
The a p p l ic a t io n  o f f i l t e r s  "A", "B", and "C" show la rg e  changes 
in  th e  k in e t i c  energy  d u rin g  the seeding  experim en t. The sequence o f 
p r o f i l e s  shown in  F ig . 8 a re  fo r  p r io r  to  seed in g , im m ediately a f t e r  the  
th i rd  seed ing  ru n , and f i n a l l y ,  some fo u r h r s  a f t e r  th e  f i n a l  seed ing  
fo r  l e f t  and r i g h t  s id e s  o f the storm . These p r o f i l e s  e x h ib i t  a la rg e  
d ecrease  in  th e  maximum v a lu e  of the  k in e t i c  energy fo r  th e  sum o f a l l  
w avelengths re p re s e n te d . T his t o t a l  d ec re a se  amounted to  approx im ate ly  
40 p e rce n t f o r  each f i l t e r e d  q u a n tity  fo r  th e  n o r th e a s t  o r r i g h t  s id e
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of the  storm . The l e f t  s id e  showed a n e t  d ec rease  o f 31 and 18 p e rc e n t fo r  
the k in e t ic  energy  in  the w avelengths re p re s e n te d  by "A" and "B" re s p e c ­
t iv e ly ,  b u t a n e t in c re a se  o f  9 p e rc e n t fo r  th o se  w avelengths a s s o c ia te d  w ith  
f i l t e r  "C” . The sou thw est o r  l e f t  s id e  o f th e  storm a lso  shows an in ­
c rease  in  k in e t ic  energy w ith  tim e fo r  la rg e r  r a d ia l  d is ta n c e s  from the  
storm c e n te r .  The p r o f i l e s  o f k in e t ic  energy a s so c ia te d  w ith  th e se  same 
f i l t e r s  fo r  th e  n o rth w est and so u th e a s t q u ad ran ts  a re  shown in  F ig . 9.
The changes fo r  th e  so u th e a s t quad ran t ranged from 25 to  38 p e rc e n t de­
c re a se s  fo r  the  th re e  f i l t e r e d  q u a n t i t i e s  (Table 1) w h ile  a 15 p e rc e n t 
d ecrease  fo r  f i l t e r  "A", 4 p e rce n t fo r  f i l t e r  "B", and a 14 p e rc e n t in ­
c rease  fo r  f i l t e r  "C" a re  shown fo r  th e  n o rth w est qu ad ran t.
Of p a r t i c u la r  in t e r e s t  i s  th a t  approx im ate ly  tw o - th ird s  o f  the  
to t a l  change, which was to  occur in  the  lo n g e r w avelengths ( F i l t e r  "C " ), 
has occu rred  by th e  tim e o f the  th i r d  seed ing  excep t fo r  th e  so u th e a s t 
qu ad ran t. The n e t  change o f k in e t ic  energy fo r  t h i s  same time p e rio d  
a s so c ia te d  w ith  f i l t e r s  "A" and "B" was c o n s id e ra b ly  l e s s .  In  f a c t ,  th e  
change in  s p e c i f ic  k in e t i c  energy a s s o c ia te d  w ith  f i l t e r s  "A'', "B" and 
"C" fo r  t h i s  time p e rio d  were approx im ate ly  300, 500 and 650 k n o ts  
squared, r e s p e c t iv e ly ,  fo r  the  r ig h t  s id e  o f th e  storm . These r e s u l t s  
in d ic a te  th a t  an enhancement o f th e  sm all s c a le  fe a tu re s  was o ccu rrin g  
during  the p e rio d  o f th e  decrease  in  the  lo n g er w avelengths s in c e  f i l t e r  
"A" c o n ta in s  f i l t e r  "B" and f i l t e r  "B" c o n ta in s  f i l t e r  "C".
The k in e t i c  energy a s s o c ia te d  w ith  th e  cumulonimbus s c a le  (band 
f i l t e r  "D") in d ic a te s  th a t  the  southw est and northw est quad ran ts  w ere th e  
most a c t iv e  fo r  t h i s  s c a le  th roughou t th e  p e rio d  o f the  experim ent (F ig s .
10 and 11). There seemed to  be no la rg e  changes in  t h i s  q u a n tity  through 
the  tim e o f  th e  th i r d  seed in g , excep t fo r  some enhancement in  th e  sou th -
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e a s t  q u ad ran t. However, a s ig n i f i c a n t  d ec re a se  then  o c c u rre d , reach ing  
a minimum o f a c t i v i t y  near 0200 GMT on August 19. An in c re a s e  i s  then 
noted th rough  th e  end o f th e  m o n ito ring  p e r io d . T h is s c a le  a lso  seemed 
to  be q u i te  a c t iv e  along th e  a x is  o f storm  movement (n o rth w est and so u th ­
e a s t  q u ad ran ts )  ag a in  reac h in g  a minimum o f a c t i v i t y  n ear 0200 GMT on 
August 19 (F ig . 11 ). I t  i s  a lso  in t e r e s t in g  to  n o te  th a t  th e  most a c t iv e  
reg io n  fo r  t h i s  s c a le  was in  th e  a re a  im m ediately downstream from the 
seeding  a re a  (no rthw est and southw est q u ad ran ts) w h ile  th e  l e a s t  a c tiv e  
a re a s  were beh ind  and to  th e  r i g h t  o f th e  storm  c e n te r .  However, i t  
should be p o in te d  ou t th a t  th e se  a re a s  behind and to  th e  r i g h t  o f the 
storm  c e n te r  were q u ite  a c t iv e  p r io r  to  th e  f i r s t  seed ing  and th e  degree 
o f a c t i v i t y  d id  n o t change m arkedly u n t i l  th e  tim e o f th e  th i r d  seed ing .
The re sp o n se  fo r  th e  in te rm e d ia te  w avelengths (approx im ately  
ra inband  s c a le )  in d ic a te s  an in c re a se  in  th e  n o r th e a s t  q u ad ran t through 
the  tim e o f th e  th i r d  seed ing  and then  a  c o n s id e ra b le  dampening fo r  a l l  
q u ad ran ts  (F ig s . 12 and 13) through th e  end o f the m o n ito rin g  p e rio d . 
A gain, p r io r  to  th e  tim e of t h i s  g e n e ra l d e c re a se , th e  most a c t iv e  a rea s  
fo r  th e se  s c a le s  were ahead and to  th e  l e f t  of th e  storm  c e n te r  (n o rth ­
w est and sou thw est q u a d ra n ts ) .
The re sp o n se  a s s o c ia te d  w ith  th e  s l ig h t ly  lo n g e r w aveleng ths, 
(approx im ate ly  eyew all sc a le )  shows in c re a se s  in  n e a r ly  a l l  quad ran ts  
p r io r  to  th e  th i r d  seeding  (F ig s . 14 and 15). A lso , th e  d ec rease  in  th e  
eye d iam ete r d u rin g  th i s  p e rio d  i s  no ted  which ag ree s  w ith  th e  rad a r 
s t r u c tu r e  as  d e p ic te d  in  Black e t  a l .  (1970). P robab ly  th e  most s ig n i­
f ic a n t  f e a tu r e  o f th e se  two f ig u re s  i s  th e  d ram atic  d ec re a se  in  the eye­
w a ll resp o n se  a f t e r  the  th i r d  seed in g . This response is  a lm ost non­
e x is te n t  n e a r th e  end o f th e  m o n ito rin g  p e rio d . I t  should  a lso  be noted
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th a t  th e  k in e t i c  energy  a s so c ia te d  w ith  t h i s  s c a le  i s  g e n e ra lly  tw ice 
as la rg e  as  fo r  th e  in te rm e d ia te  (ra in b an d ) s c a le  and more th an  an o rd e r 
o f m agnitude la r g e r  th an  fo r  the  cumulonimbus s c a le .
The v a r i a b i l i t y  o f th e  wind a s s o c ia te d  w ith  th e  cumulonimbus 
s c a le  (VARIB Wl) i s  shown in  F ig . 16. P r io r  to  seed in g , th e  maximum 
v a lu es  o f  t h i s  v a r i a b i l i t y  o u ts id e  o f th e  eyew all reg io n  was approx im ate ly
0 .0 5 . T h is v a lu e  more than  doubled th rough  th e  e a r ly  p o r t io n  o f th e  seed­
ing ru n s on th e  sou thw est s id e  o f th e  storm  c e n te r  and rem ained n e a r ly  
unchanged on th e  n o r th e a s t  q u ad ran t. The h o r iz o n ta l  v a r ia t io n  o f  th e  
wind in  th e  sou thw est quad ran t reached  a minimum a f t e r  th e  f i n a l  seed ing  
ru n , b u t appeared  to  be on th e  in c re a s e  by th e  tim e o f  th e  f i n a l  moni­
to r in g  p a ss .
The wind v a r i a b i l i t y  a s s o c ia te d  w ith  th e  ra in b an d  s c a le  (VARIB W2) 
i s  shown in  F ig . 17. The peak v a lu es  o u ts id e  th e  eye on the l e f t  s id e  
of th e  storm  p r io r  to  seed ing  ranged fromO.3 to  0 .45 .  Near th e  tim e o f 
th e  th i r d  seed in g  ru n , th e se  v a lu e s  had d ecreased  by some 30 to  40 p e r­
c e n t. D uring th e  same p e r io d , th e  v a lu e s  on th e  r i g h t  s id e  in c re a se d  by 
30 to  40 p e rc e n t .  The v a lu es  became somewhat u n s e t t le d  d u rin g  th e  p e rio d  
between th e  t h i r d  and fo u r th  seed ing  which was fo llow ed by a g e n e ra l r e ­
d u c tio n  in  th e  v a lu e s  fo r  both  s id e s  o f  th e  storm . The peak v a lu e s  o u t­
s id e  th e  eye fo r  th e  f i n a l  m on ito ring  p ass  were approx im ate ly  0 . 1  as com­
pared to  th e  0 .3  to  0 . 4  v a lu e  p r io r  to  th e  seed ing  e v e n ts .
The ey ew all s c a le  wind v a r i a b i l i t y  (F ig . 1 8 ), showed l i t t l e  change 
through th e  tim e o f the  th i r d  seed ing  ru n . However, th e  peak v a lu e  o u t­
s id e  th e  eye on th e  southw est s id e  o f th e  storm  showed a 50 p e rc e n t re d u c tio n  
by th e  end o f th e  m o n ito rin g  p e r io d . The peak v a lu e  on th e  n o r th e a s t  s id e  
showed l i t t l e  change d u rin g  the  experim ent excep t th a t  i t  was lo c a te d
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some 5 ti mi c lo s e r  to  th e  storm  c e n te r  n ea r th e  end o f th e  moni­
to r in g  p e r io d .
P re s su re
The f i l t e r e d  "D" v a lu e s  show l i t t l e  change in  th e  la rg e  sc a le  
fe a tu re s  o f  th e  p re s s u re  f i e l d  d u rin g  the  p e rio d  o f  th e  m o d if ic a tio n  
experim ent (F ig . 19 ). The p r o f i l e s  r e s u l t in g  from a p p l ic a t io n  o f  f i l t e r s  
"A" and "B" in d ic a te  a s ig n i f i c a n t  re d u c tio n  in  th e  p re s s u re  g ra d ie n t  on 
th e  southw est s id e  o f th e  storm  d u rin g  th e  experim en t. The p re s s u re  p ro ­
f i l e  fo r  th e  n o r th e a s t  o r r i g h t  s id e  o f  th e  storm  in d ic a te d  l i t t l e  change 
during  t h i s  same p e r io d . The minimum v a lu e  o b ta in ed  from a l l  th re e  f i l ­
t e r s  in d ic a te  a  sm all d e c re a se  in  p re s s u re  d u rin g  th e  se e d in g , b u t th e  
value  reco rd ed  app rox im ate ly  fo u r h r s  a f t e r  the  f i n a l  seed ing  p e rio d  
was n e a r ly  id e n t i c a l  to  th a t  reco rded  p r io r  to  any seed in g .
Many o f  th e  sm all s c a le  f e a tu r e s  which were a lm ost t o t a l l y  masked 
by the  la rg e  s c a le  f e a tu r e s  shown in  th e  p rev io u s f ig u r e  a re  r e a d i ly  ob­
served in  F ig . 20. These cumulonimbus sc a le  f e a tu r e s  e x h ib i t  a la rg e  
h o r iz o n ta l  v a r i a b i l i t y  in  tim e and space. However, th e  dom inant fe a tu re  
in  th i s  tim e sequence o f p r o f i l e s  ap p ea rs  to  be how th e  m agnitude o f  
th ese  band f i l t e r e d  *'D" v a lu e s  d ecreased  by th e  end o f  th e  seed ing  p e r io d . 
This re d u c tio n  averaged  more than  50 p e rc e n t over th e  h o r iz o n ta l  d is ta n c e  
d ep ic ted  in  th e se  p r o f i l e s .
The band f i l t e r e d  'D ' va lu e  p r o f i l e s  fo r  th e  " ra in b an d  sc a le "  
a lso  e x h ib ite d  t h i s  r e d u c tio n  in  p re s su re  g ra d ie n t ,  e s p e c ia l ly  on th e  
l e f t  o r sou thw est s id e  o f  th e  storm  (F ig . 21 ). A gain, th e  m agnitude of 
th e se  v a lu e s  d ec re a se d  by as much as  50 p e rc e n t,  w ith  alm ost none o f th e
change ta k in g  p la c e  p r io r  to  the  tim e o f th e  th i r d  seed in g  ru n . ^
^ __
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The band f i l t e r e d  'D ' va lue  fo r  th e  "ey ew all sc a le "  ( 50n mi) 
shows a n e t  re d u c tio n  in  th e  minimum v a lu e  and th e  maximum v a lu e  on th e  
l e f t  s id e  o f  th e  storm  (F ig . 21). However, th e  r i g h t  s id e  showed an 
in c re a se  maximum v a lu e  and g ra d ie n t.  In  c o n t r a s t  to  th e  r e s u l t s  ob­
ta in e d  fo r  th e  cumulonimbus and ra in b an d  s c a le s ,  most o f th e  n e t change 
occurred  p r io r  to  th e  tim e o f the  th i r d  seed in g  ru n .
The p re s s u re  v a r i a b i l i t y  a s s o c ia te d  w ith  th e  cumulonimbus s c a le  
(VARIB P i)  seemed to  be la r g e s t  p r io r  to  th e  f i r s t  seed ing  run  (F ig . 22 ). 
However, the  most a p p a re n t change d id  n o t ta k e  p la c e  u n t i l  a f t e r  th e  
th i rd  seed ing  p e r io d . T h is v a r i a b i l i t y  then  rem ained sm all fo r  the  r e ­
mainder o f th e  m o n ito rin g  p e r io d , av erag in g  abou t 1 /4  o f  th e  v a lu e  d e t e r ­
mined fo r  th e  p e rio d  m onitored  p r io r  to  th e  f i r s t  seed ing  ev e n t.
The p re s su re  v a r i a b i l i t y  fo r  th e  " ra in b a n d  sc a le "  (VARIB P2)
(F ig . 23) e x h ib ite d  n e a r ly  the  same c h a r a c t e r i s t i c s  observed fo r  th e  cumu­
lonimbus s c a le .  However, th e  f in a l  m o n ito rin g  run  showed l e s s  h o r iz o n ta l  
v a r ia t io n ,  b u t th e  m agnitude of t h i s  v a r i a b i l i t y ,  e x c lu s iv e  o f th e  eye 
reg io n  in c re a se d  m arkedly over th a t  shown fo r  th e  p e rio d  one hour e a r l i e r .
F ig u re  24 shows th e  p re ssu re  v a r i a b i l i t y  a s s o c ia te d  w ith  the  
"eyew all s c a le " .  A re d u c t io n  in  th e  m agnitude o f  th i s  v a r i a b i l i t y  i s  
shown to  have o ccu rred  in  th e  l e f t  and c e n t r a l  p o r t io n  o f  th e  storm 
d u ring  th e  seed ing  o p e ra t io n . However, th e  re g io n  beyond approx im ate ly  
30nmi on th e  r i g h t  s id e  o f  th e  storm showed an in c re a se  d u rin g  th i s  same 
p e rio d . I t  i s  s ig n i f i c a n t  to  n o te  th a t  most o f  th e se  changes o ccu rred  
p r io r  to  th e  tim e o f  th e  th i r d  seeding  ru n .
Tem perature
The f i l t e r e d  tem p era tu re  p r o f i l e s  (F ig . 25) show a n e t re d u c t io n  
in  the maximum tem p era tu re s  from p r io r  to  seed ing  u n t i l  fo u r h r s  a f t e r
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th e  f i n a l  seed in g . A lso shown in  a s ig n i f ic a n t  change in  th e  tem perature 
f i e l d  on th e  southw est s id e  o f  the  storm from p r io r  to  seed ing  u n t i l  
a f t e r  th e  t h i r d  seeding  (1313 GMT to  1825 GMT). However, the  tempera­
tu r e  f i e l d  showed l i t t l e  change on the  n o r th e a s t  s id e  f o r  the  same p erio d  
o f  tim e. By the end o f the  seed ing  o p e ra tio n , the  therm al s t ru c tu re  on 
th e  sou thw est s id e  o f  the  storm  had re tu rn e d  to  a s t a t e  s im ila r  to  th a t  
observed p r io r  to  th e  f i r s t  seed ing  even t (ex cep t f o r  th e  eye and eyew all 
r e g io n ) .  However, a s ig n i f i c a n t  change had taken  p la c e  on th e  n o r th e a s t 
s id e  o f  th e  storm  where the  tem peratu re  had in c re a se d  by approxim ately  
2 C in  th e  o u te r  re g io n s  a f t e r  th e  th i r d  seed in g . This change occurred  
in  th e  lo n g e r w avelengths as i s  ev idenced by th e  f a c t  t h a t  n ea rly  th e  
same change i s  shown fo r  th e  v a lu e s  o b ta in ed  by a p p l ic a t io n  o f f i l t e r  "C" 
as compared to  th a t  o b ta in ed  from f i l t e r  " A " . . I t  i s  a ls o  observed th a t  
most o f th e  tem p era tu re  re d u c tio n  w ith  tim e observed over th e  c e n tra l  
re g io n  o ccu rred  in  th e  s h o r te r  w aveleng ths.
The tim e sequence o f tem peratu re  p r o f i l e s  o b ta in e d  by a p p lic a ­
t io n  o f band f i l t e r  ”D" (cumulonimbus s c a le ) ,  in d ic a te s  a  s ig n if ic a n t  
re d u c tio n  in  th e  m agnitude o f th e se  v a lu es  a f t e r  th e  th i r d  seeding even t 
(F ig . 2 6 ). This o f course  co rresponds fav o rab ly  to  th e  same fe a tu re  ob­
served  in  th e  p re s su re  p r o f i l e s .  The range of th e se  v a lu e s  befo re  th e  
f i r s t  seed ing  u n t i l  a f t e r  th e  th i r d  seed ing  was approx im ate ly  ± 1 0 .  The 
l a s t  two p r o f i l e s  shown fo r  t h i s  day and lo c a tio n  showed maximum v a lu es  
to  g e n e ra lly  be le s s  than  ± 5  0. Again as was th e  case  f o r  the  p re ssu re  
p r o f i l e s ,  th e  southw est s id e  appeared to  be more a c t iv e  th an  the r ig h t  
s id e  o f  th e  storm  fo r  th i s  s c a le  o f m otion.
The ra inband  s c a le  (band f i l t e r  "E") tem p era tu re  p r o f i l e s  showed 
maximum v a lu e s  to  be about 1 .5  tim es la rg e r  than  th o se  a s so c ia te d  w ith  the
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cumulus s c a le  (F ig . 27 ). Of p a r t i c u la r  s ig n if ic a n c e  again  i s  th e  red u c­
t io n  in  th e  am plitude o f the  tem pera tu re  p r o f i l e  th a t  occurred  d u rin g  
the  p e rio d  o f  th e  m o d ific a tio n  experim en t. The eyew all s c a le  (band f i l t e r  
"F") tem p era tu re  p r o f i l e s  a lso  in d ic a te d  a re d u c tio n  in  am plitude to  have 
occu rred  w ith  tim e. Of p a r t i c u la r  i n t e r e s t  i s  th e  re d u c tio n  in  th e  tem­
p e ra tu re  g ra d ie n t  in  th e  eyew all re g io n  (app rox im ate ly  15 to  30 n mi from 
the  storm c e n te r )  fo r  t h i s  s c a le  o f m otion. A lso , i t  should be noted  
th a t  the  tem p era tu re  re d u c tio n  over th e  c e n t r a l  re g io n  exceeded 1 C fo r  
th i s  s c a le  in d ic a t in g  th a t  the re d u c tio n  o f tem pera tu re  noted over the  
c e n t r a l  re g io n s  in  F ig . 25 was p r im a r ily  c o n c e n tra te d  in  the eyew all s c a le .
The cumulonimbus s c a le  tem p era tu re  v a r i a b i l i t y  (VARIB Tl) seemed 
to  in c re a se  s l i g h t l y  up through th e  tim e o f th e  t h i r d  seeding and then  
d ec rease  m arkedly as was noted f o r  th e  p re s s u re  p r o f i l e s  (F ig . 28). T h is 
re d u c tio n  g e n e ra l ly  exceeded 50 p e rc e n t. A gain, th e  southw est s id e ,  in  
g en e ra l appeared  to  be more a c t iv e  than  th e  n o r th e a s t  s id e . The n o r th ­
e a s t  s id e  was q u i te  a c t iv e  a t  tim es and even su rpassed  the  southw est s id e  
n ear th e  end o f  th e  m on ito ring  p e r io d . The s e n s i t i v i t y  o f t h i s  p aram eter 
i s  r e a d i ly  observed  in  th e  la rg e  v a r ia t io n s  over s h o r t  time and space 
in t e r v a ls .  As one would ex p ec t, th e  tem pera tu re  v a r i a b i l i t y  fo r  th e  r a i n ­
band s c a le  (VARIB T2) appears to  be more c o n se rv a tiv e  (F ig . 29 ). The 
same tre n d  i s  no ted  fo r  th i s  s c a le  as fo r  th e  cumulonimbus s c a le ,  in  th a t  
the  v a lu e  o f  th e  param eter seemed to  in c re a se  d u rin g  the  e a r ly  seeding  
p e rio d s  and th e n  d ec re ase  m arkedly a f t e r  th e  th i r d  seed ing  ev en t where 
the  average v a lu e  decreased  by 30-40 p e rc e n t. The eyew all s c a le  tem pera­
tu re  v a r i a b i l i t y  (VARIB T3) e x h ib ite d  th e  most d ram atic  change of th e se  
th re e  tem p era tu re  v a r i a b i l i t y  param eters  (F ig . 3 0 ). R eductions in  th e  
maximum v a lu e  o f t h i s  param eter o f  57, 37 and 52 p e rce n t fo r  th e  sou thw est
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c e n t r a l  and n o r th e a s t  p o r t io n s  o f the storm, r e s p e c t iv e ly ,  were observed  
d u rin g  th e  m on ito rin g  p e r io d . As was noted fo r  th e  p rev io u s p a ra m e te rs , 
most o f  t h i s  change took p la ce  a f t e r  th e  tim e o f th e  th i r d  seed ing  ev e n t.
M oistu re
The eye and eyew all re g io n  w ere q u ite  prom inent In  th e  m o is tu re  
f i e l d  p r io r  to  th e  f i r s t  seed in g  ru n  as I l l u s t r a t e d  In  F ig . 31 ( f i l t e r  
"A "). That I s ,  th e  eyew all re g io n  showed a r e l a t i v e  maximum m o is tu re  
c o n te n t w ith  a d i s t i n c t  minimum re g io n  p re s e n t over th e  I n te r io r  p o r t io n  
o f th e  eye. These f e a tu r e s  rem ained prom inent th ro u g h o u t th e  tim e o f th e  
th i r d  seed in g . However, th e  re g io n  o f maximum m ixing r a t i o  on th e  n o r th ­
e a s t  s id e  o f  th e  storm  had s t a r t e d  to  e n la rg e  by 1825 GMT and th e  m o is tu re  
g ra d ie n t had d ec re a se d . The prom inent re g io n s  o f  maximum v a lu e s  a s so ­
c ia te d  w ith  th e  eyew all a t  1313 GMT had n e a r ly  d isap p ea red  by 0157 GMT 
on August 19 ( f i l t e r  "A "). The maximum m o istu re  v a lu e s  con tinued  to  be 
lo c a te d  on th e  r i g h t  s id e  o f  th e  sto rm , b u t  th e  m o is tu re  had been d if fu s e d  
over a much la rg e r  a re a . The m o is tu re  p r o f i l e s  a s s o c ia te d  w ith  f i l t e r s  
"B" and "C" a ls o  In d ic a te  a  c o n s id e ra b le  In c re a se  In  m o istu re  fo r  th e  
e n t i r e  a re a  m on ito red . T h is  In c re a se  seemed to  be co n ce n tra te d  In  th e  
longer w avelength  f e a tu r e s  w ith  average v a lu e s  r i s i n g  by 1 to  1 .5  grams 
per k ilo g ram  over th e  e n t i r e  a re a  w ith in  50 n m lo f th e  storm  c e n te r .  A lso 
o f I n te r e s t  Is  th a t  a s ig n i f i c a n t  p o r t io n  o f t h i s  In c re a se  had o ccu rred  
p r io r  to  the  tim e o f  th e  th i r d  se e d in g , e s p e c ia l ly  In  the  o u te r  re g io n s  
m on ito red . However, as was th e  case  fo r  o th e r  p a ra m e te rs , th e  g r e a te s t  
p o r t io n  o f  t h i s  change took p la ce  a f t e r  th e  th i r d  seed ing  e v e n t.
The cumulonimbus s c a le  (band f i l t e r  "D") m ixing r a t i o  f i e l d  (F ig . 
32) d id  no t e x h ib i t  the  m ajor re d u c t io n  In  am plitude w ith  tim e th a t  was
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noted fo r  th e  p re v io u s ly  d isc u sse d  p a ra m e te rs . However, th e re  w ere a 
few p o in ts  where a s ig n i f i c a n t  r e d u c tio n  in  th e  extrem e v a lu es  were n o te d , 
p a r t i c u l a r ly  on th e  southw est s id e  o f  th e  s to rm . The most prom inent o f  
th e se  a re a s  i s  th e  one lo c a te d  between 10  and 20hm i l e f t  o f  the  storm  
c e n te r  w hich p e r s is te d  as an i d e n t i f i a b le  f e a tu r e  through more th an  th e  
f i r s t  6 h r s  o f  the  m on ito ring  p e r io d . The ra in b an d  s c a le  (band f i l t e r  
"E") m ixing r a t i o  p r o f i l e s  (F ig . 33) showed a  m ajor d ec rease  in  th e  mag­
n itu d e  o f  th e  v a lu e s  d u rin g  th e  m o n ito rin g  p e r io d ,  p a r t i c u la r ly  on the  
sou thw est s id e  o f  the storm . The r e s u l t in g  v a lu e s  were le s s  than  0 .5  
gram sper k ilog ram  by the  end of th e  m o n ito rin g  p e rio d  fo r  th i s  a re a .  Most 
o f t h i s  change took p lace  a f t e r  th e  tim e o f th e  th i r d  seeding ru n . The 
n o r th e a s t  s e c tio n  d id  no t show as l a r g e '  a n e t  change, b u t in  c o n t r a s t  
to  th e  sou thw est s id e , a m ajor re d u c tio n  had o ccu rred  by th e  tim e o f  th e  
in te rm e d ia te  p ass  shown and th e  m agnitude o f  th e  v a lu e s  appeared to  be on 
the  in c re a s e  by the  end o f  th e  m o n ito rin g  p e r io d . The la rg e r  s c a le  f e a ­
tu r e s  (band f i l t e r  "F") e x h ib ite d  n e a r ly  th e  same fe a tu r e s  as fo r  th e  
ra in b an d  s c a le  (F ig . 3 3 ). However, th e  v a lu e s  fo r  th e  n o r th e a s t  s id e  
a p p a re n tly  con tinued  to  d ec re a se  through th e  end o f th e  m onito ring  p e r io d .
The m ixing r a t i o  v a r i a b i l i t y  fo r  th e  cumulonimbus sc a le  (VARIB Ml) 
showed maximum v a lu es  lo c a te d  on th e  sou thw est s id e  p r io r  to  th e  f i r s t  
seed in g  (F ig . 3 4 ) . The m agnitude o f  th e  v a r i a b i l i t y  on th e  r ig h t  s id e  
o f  th e  storm  was about one h a l f  o f  th a t  f o r  th e  l e f t  s id e  through th e  
f i r s t  6 o r 7 h r s  o f th e  m on ito ring  p e r io d . These v a lu e s  g e n e ra lly  de­
c rea sed  by about 40 p e rce n t th rough th e  seed in g  p e rio d  and then  in c re a se d  
to  v a lu e s  a s  la rg e  as  were observed  on th e  f i r s t  two m onito ring  p a s s e s .
At th e  same tim e , the  v a lu e s  on th e  e a s t  s id e  d ec reased  during  th e  e a r ly  
seed ing  ru n s  and then  rem ained r e l a t i v e l y  s te a d y  through the  end o f  th e  
m o n ito rin g  p e r io d . The n e t  r e s u l t  was th a t  m o is tu re  v a r i a b i l i t y  was
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n e a rly  th e  same fo r  bo th  s id e s  o f th e  storm  a t  the  end o f  th e  m on ito ring  
p e rio d . The ra in b an d  s c a le  (VARIB M2) m ixing r a t i o  v a r i a b i l i t y  e x h ib ite d  
s im ila r  c h a r a c te r i s t i c s  (F ig . 3 5 ). The maximum v a lu es  o f  t h i s  param eter 
were l a r g e s t  on th e  sou thw est s id e  a t  th e  beg in n in g , decreased  d u rin g  the 
seed ing  o p e ra t io n s ,  and were approx im ate ly  equal to  th o se  computed fo r  
the n o r th e a s t  s id e  o f  the  storm  a t  th e  end of the  m on ito ring  p e r io d .
The t o t a l  re d u c tio n  in  the  peak v a lu e  was more than  50 p e rc e n t.
The la r g e s t  n e t  change in  the  m ixing r a t i o  v a r i a b i l i t y  o ccu rred  
in  th e  lo n g e r w avelengths (F ig . 3 6 ). The m ixing r a t i o  v a r i a b i l i t y  a sso ­
c ia te d  w ith  th e  eyew all s c a le  (VARIB M3) d ecreased  by 73 p e rc e n t f o r  the 
southw est s id e  o f th e  storm  and 57 p e rc e n t fo r  th e  n o r th e a s t  s id e .  Also 
the c h a ra c te r  o f t h i s  v a r i a b i l i t y  changed w ith  the  h o r iz o n ta l  v a r ia t io n s  
being  co n s id e ra b ly  le s s  by th e  end o f  th e  m on ito ring  p e r io d  as  compared 
to  th e  e a r l i e r  p a sse s .
Comparison of A n aly s is  R e su lts  w ith  Seeding H ypotheses I  and I I
Seeding H ypothesis I  i s  r a th e r  vague and d i f f i c u l t  to  e v a lu a te  in  
term s o f  th e  d a ta  c o l le c te d .  A lso , th e  experim ent as conducted was no t 
e x a c tly  as  proposed in  seed ing  H ypothesis I .  That i s ,  th e  seed ing  was no t 
confined  to  th e  eyew all re g io n  b u t ex tended some d is ta n c e  outw ard from 
the ey ew all. No d i r e c t  measurements w ere made of the  change in  th e  super­
cooled w a te r  to  ic e  r a t i o  in  the  seeded re g io n s  o f h u rr ic a n e  D ebbie. 
However, te m p era tu re , wind and p re s su re  measurements w ere made w hich g ive  
an in d ic a t io n  o f  w hat p robab ly  occu rred  in  th e  a rea s  o f supercoo led  w ate r.
T h is  h y p o th e s is  b a s ic a l ly  su g g es ts  th a t  a re d u c tio n  in  th e  maxi­
mum tem p era tu re  and p re s su re  g ra d ie n ts  should r e s u l t  a long  w ith  a c o r re s ­
ponding re d u c tio n  in  the  maximum wind speeds. These c o n d itio n s  were a l l  
observed to  have o ccu rred  in  the  a n a ly s is  p re v io u s ly  d is c u s s e d . However,
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o th e r  changes to o k  p la c e  which do n o t correspond  fav o rab ly  w ith  H ypothesis
I .  P rim ary among th e se  changes i s  th a t  th e  re d u c tio n  in  tem pera tu re  
g ra d ie n ts  was to  be th e  r e s u l t  o f in c re a s in g  th e  tem p era tu re  on th e  ex­
t e r i o r  edge o f  th e  maximum tem peratu re  g ra d ie n t .  In  a c t u a l i t y ,  t h i s  
re d u c tio n  in  tem p era tu re  g ra d ie n t was more a r e s u l t  o f  th e  d ec re ase  in  
tem p era tu res  over th e  c e n t r a l  reg io n  w hereas th e  tem pera tu re  in  th e  m axi­
mum wind speed re g io n  showed only  sm all n e t changes from p r io r  to  th e  
f i r s t  seed ing  ru n  u n t i l  a f t e r  the  f i n a l  m on ito ring  pass through the  storm  
du rin g  th e  experim en t.
Seeding H ypo thesis  I I  i s  more e x p l i c i t  and th e  experim ent as 
c a r r ie d  o u t in  h u rr ic a n e  Debbie conformed much more to  th e  procedure p ro ­
posed by H ypo thesis  I I  than  H ypothesis I .  H ypothesis I I  c a l l s  fo r  s tim ­
u la t in g  co n v ec tio n  a t  r a d i i  from th e  re g io n  o f maximum wind speeds o u t­
w ard. T h is re g io n  o f  in c re a sed  co nvec tion  would compete w ith  th e  eyew all 
re g io n  fo r  th e  in flo w in g  a i r  a t  low le v e l s .  The r e s u l t  would be a red u c­
t io n  in  th e  prom inence o f th e  eyew all re g io n , reduced  tem pera tu re  and 
p re s su re  g ra d ie n ts  in  the  eyew all re g io n  and a r e s u l t in g  d ec re ase  in  th e  
maximum wind speeds. The r e s u l t s  o f  th e  experim ent in  h u rr ic a n e  Debbie 
on August 18, 1969 s tro n g ly  suggest th a t  a l l  o f  th e se  ev en ts  occu rred  a t  
l e a s t  th rough  th e  p e r io d  o f  th e  f i r s t  th re e  seed ing  ru n s . That i s ,  th e  
re d u c tio n  in  tem p era tu re  over the  c e n t r a l  re g io n  and s l i g h t  in c re a se s  a t  
la rg e r  r a d i i  in d ic a te  some p o r tio n  o f  th e  in flow ing  a i r  a t  low le v e ls  
t h a t  would norm ally  se rv e  to  d r iv e  th e  storm s tra n s v e rs e  c i r c u la t io n  
th rough th e  eyew all re g io n  was being in te rc e p te d  a t  la rg e r  r a d i i .  A lso , 
th e re  was some ev idence  o f in c reased  co n v ec tio n  d u rin g  th e  e a r ly  p o r tio n  
o f  th e  seed ing  o p e ra t io n . A fte r  th e  tim e o f  th e  th i r d  seed in g , th e  sm all 
and in te rm e d ia te  s c a le  f e a tu re s  become much more d i f f u s e ,  in d ic a t in g  a 
p o s s ib le  m erging o f  th e  sm a lle r s c a le  f e a tu r e s .
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The la rg e  re d u c tio n  in  th e  la rg e - s c a le  f e a tu re  which o ccu rred  on 
August 18, 1969 in  h u rr ic a n e  Debbie was n o t p re d ic te d  by e i th e r  
H ypothesis I  o r  I I .  In  f a c t  c a lc u la t io n s  o f  the  d ec re ase  in  maximum w inds 
to  be expected  from th e  seeding experim ent were o f  th e  o rd e r  o f  10 to  15 
p e rc e n t. These r e s u l t s  imply th a t  th e  seed ing  e f f e c t s  were being  su p er­
imposed on a la rg e  s c a le  change th a t  was o c c u rrin g  n a tu r a l ly .
CHAPTER V
ANALYSIS OF HURRICANE DEBBIE AUGUST 20, 1969
The method o f a n a ly s is  d e sc rib e d  in  C hapter I I  i s  a p p lie d  to  d a ta  
c o l le c te d  in  h u r r ic a n e  Debbie on August 20, 1969. T his i s  th e  scheme 
used in  th e  p rev io u s  c h a p te r  and th e  same p a ram eters  a re  in v e s t ig a te d .
The same form o f d a ta  is  used fo r  Chapter IV ex cep t th a t  th e se  d a ta  w ere 
c o l le c te d  on August 20, 1969. More d a ta  w ere o b ta in e d  d u rin g  th e  August 
20 o p e ra tio n  th an  d u rin g  th e  August 18 experim ent and th e  seed ing  o p era ­
t io n  began approx im ate ly  two h rs  e a r l i e r  th an  on th e  18 th . These d i f ­
fe re n c e s  were p r im a r ily  a r e s u l t  o f th e  f a c t  th a t  th e  storm  was n e a re r  
th e  base o f  o p e ra t io n s  on August 20 as compared to  th a t  on August 18 
(F ig . 1 ) .
K in e tic  Energy
The k in e t i c  energy p r o f i l e s  o b ta in ed  by ap p ly in g  f i l t e r s  "A", "B" 
and "C” to  th e  observed d a ta  a re  shown in  F ig s . 37 and 38. The double 
maxima s t r u c tu r e  i s  q u i te  e v id e n t in  th e  p r o f i l e s  in  a l l  q u ad ran ts  ob­
ta in e d  p r io r  to  th e  seed ing  runs by a p p l ic a t io n  o f f i l t e r  "A". This 
double s t r u c tu r e  was reduced  c o n s id e ra b ly  by the  tim e o f  th e  in te rm e d ia te  
pass and had d isap p ea red  by th e  tim e o f th e  f i n a l  p r o f i l e  shown fo r  each 
q u ad ran t. Also q u ite  e v id e n t i s  th a t  th e  ra d iu s  o f  th e se  maxima in  th e  
n o r th e a s t  and southw est q uad ran t had in c re a se d  by more th an  lOnmi between
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1140 GMT and 1700 GMT and then  d ec reased  s l i g h t ly  by th e  tim e o f  th e  pass 
a t  0210 on August 21. The change in  th e  lo c a t io n  o f  th e se  maxima was 
no t n e a r ly  as g r e a t  fo r  th e  n o rth w est and s o u th e a s t q u ad ran ts .
The k in e t i c  energy in c re a sed  s ig n i f i c a n t l y  in  th e  n o r th e a s t  and 
sou thw est q u ad ran ts  d u rin g  th e  p e rio d  from 1140 GMT (p r io r  to  seed ing) 
to  1700 GMT ( a f t e r  th e  th i r d  seed ing ) as  in d ic a te d  in  F ig . 40 and Table
2. T liis in c re a s e  was 20.59 and 5 .48  p e rc e n t fo r  th e  southw est and n o r th ­
e a s t  q u a d ra n ts ,r e s p e c t iv e ly ,  fo r  f i l t e r  "A", 23.28 and 23.93 p e rc e n t fo r  
f i l t e r  "B ", and 12 .34 and 15.54 p e rc e n t fo r  f i l t e r  "C". The change in  
th e  s o u th e a s t and n o rth w est q u ad ran ts  fo r  t h i s  p e rio d  were co n s id e ra b ly  
l e s s .  However, th e  in c re a se  in  th e  n o rth w es t quadran t was s ig n i f i c a n t ,  
b e in g  4 .1 8 , 1 5 .2 3 , and 10.86 p e rc e n t f o r  f i l t e r s  "A ", "B", and "C” r e ­
s p e c t iv e ly .  T h is  s e t  o f  numbers in d ic a te s  th a t  most o f t h i s  change was 
ta k in g  p la c e  in  th e  lo n g e r and in te rm e d ia te  w avelengths s in c e  f i l t e r  "A" 
c o n ta in s  f i l t e r  "B" and f i l t e r  "B" c o n ta in s  f i l t e r  "C". A m ajor d ec re a se  
o f  app ro x im ate ly  20 p e rc e n t and 10 to  12 p e rc e n t occu rred  between 1700 
GMT August 20 and 0210 GMT August 21 f o r  a l l  th re e  f i l t e r e d  q u a n t i t i e s  in  
th e  n o r th e a s t  and sou thw est q u ad ran ts  r e s p e c t iv e ly .  The n e t  r e s u l t  was 
an o v e r a l l  d e c re a se  in  th e  n o r th e a s t  q u ad ran t o f 14, 1, and 9 p e rc e n t 
fo r  f i l t e r s  "A", "B" and "C" r e s p e c t iv e ly  w h ile  a n e t in c re a se  o f  6 , 8 , 
and 2 p e rc e n t f o r  th e  same re s p e c t iv e  f i l t e r e d  q u a n t i t i e s  was no ted  fo r  
th e  sou thw est q u ad ran t. There was a g e n e ra l re d u c tio n  in  th e  r e a r  
( so u th e a s t)  p o r t io n s  o f th e  storm  and an in c re a s e  in  th e  f r o n t  (n o r th ­
w est) p o r t io n s .  The r a te  o f in c re a se  was much la rg e r  d u rin g  th e  p e rio d  
from 0955 GMT to  1445 GMT th an  from 1445 GMT u n t i l  2311 GMT. Also o f 
p a r t i c u l a r  i n t e r e s t  i s  th a t  the  k in e t i c  energy  in c re ased  a t  la rg e r  r a d ia l  
d is ta n c e s  from th e  storm  c e n te r  in  two q u ad ran ts  (no rthw est and sou thw est) 
and th e  same tre n d  appeared to  be ta k in g  p la c e  in  th e  n o r th e a s t  q u ad ran t.
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The k in e t i c  energy  p r o f i l e s  a s s o c ia te d  w ith  the  cumulonimbus 
s c a le  ( b a n d f i l te r  "D") a re  shown in  F ig s . 39 and 40. T his s c a le  seemed 
to  show a c o n s id e ra b le  enhancement in  th e  n o r th e a s t  q u ad ran t alm ost im­
m ed ia te ly  a f t e r  th e  f i r s t  seed in g  run  (1155-1237 GMT). The pass which 
was made j u s t  a f t e r  th e  second seed ing  ru n  was along th e  d i r e c t io n  o f  
m otion. The response  fo r  t h i s  s c a le  in c re a se d  c o n s id e ra b ly  in  th e  n o r th ­
w est quad ran t (1428-1456). A s im ila r  sequence o f ev en ts  i s  no ted  fo r  
the  n o r th e a s t  q u ad ran t a f t e r  th e  th i r d  seed in g . During t h i s  same p e r io d , 
th e  le v e l  o f  a c t i v i t y  fo r  t h i s  s c a le  seemed to  be on th e  in c re a se  in  th e  
southw est q u ad ran t. T h is a c t i v i t y  reached  i t s  peak n ea r th e  end o f  the  
seeding  p e r io d , and th en  subsided  th rough the  end o f th e  m on ito ring  p e rio d . 
The le v e l o f a c t i v i t y  fo r  t h i s  s c a le  in  th e  n o r th e a s t  q u ad ran t a p p a re n tly  
reached  i t s  peak e a r l i e r  and th e n  d ec reased  n e a r ly  through th e  end o f the  
m on ito ring  p e r io d . However, th e  f i n a l  two p asses  through th i s  a re a  which 
occurred  some f iv e  to  s ix  h r s  a f t e r  th e  f i n a l  seeding  ru n  in d ic a te d  
th a t  th e  le v e l  o f  a c t i v i t y  was in c re a s in g . These same p r o f i l e s  fo r  the 
no rthw est and so u th e a s t q u ad ran ts  fo r  th e  p e rio d  o f some th re e  to  fo u r 
h r s  a f t e r  th e  f i n a l  seed ing  p e r io d  in d ic a te d  a h igh  le v e l  o f  a c t i v i t y  
in  the  so u th e a s t q u ad ran t f o r  t h i s  s c a le  w ith  alm ost no resp o n se  in  the  
no rth w est q u ad ran t.
The k in e t i c  energy  p r o f i l e s  a s s o c ia te d  w ith  th e  ra inband  s c a le  
(band f i l t e r  "E") show th e  maximum v a lu e  in  a l l  quad ran ts  d ec re a s in g  
through most o f  th e  seed ing  p e rio d  (F ig s . 41 and 4 2 ). T his d e c lin e  
seemed to  be q u ite  s tead y  th rough  th e  f i r s t  s ix  h rs  o f  th e  o p e ra t io n , 
f lu c tu a te d  somewhat d u rin g  th e  p e rio d  between th e  fo u r th  and f i f t h  seed­
ing even ts  and then  d ec reased  ag a in  th rough th e  end o f th e  m on ito ring  
p e r io d . The v a lu e  o f  th e  maximum k in e t i c  energy o u ts id e  th e  eye de­
creased  by approx im ate ly  72, 69, 50 and 14 p e rc e n t fo r  th e  n o r th e a s t .
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sou thw est, n o rth w e s t, and so u th e a s t q u ad ran ts  re s p e c t iv e ly  fo r  th e  p e rio d  
from p r io r  to  seed ing  u n t i l  th e  f i n a l  m o n ito rin g  p asses were made th rough 
th e se  q u a d ra n ts , w e ll  a f t e r  th e  f i n a l  seed ing  ev en t.
The k in e t i c  energy p r o f i l e s  a s s o c ia te d  w ith  th e  eyew all s c a le  
o f  m otion (band f i l t e r  " F " )a re  shown in  F ig s . 43 and 44. P r io r  to  th e  
tim e o f th e  f i r s t  seed in g , the  maximum k in e t i c  energy o u ts id e  th e  eye was 
r e l a t i v e ly  low. In  f a c t ,  th e se  v a lu e s  w ere on ly  about one h a l f  o f w hat 
were observed  on August 18 (F ig . 14 ). These v a lu es  f lu c tu a te d  c o n s id e r­
a b ly , b u t g e n e ra lly  in c re ased  through th e  p e rio d  o f the  fo u r th  seed ing  
and then  d e c re a se d . The f in a l  r e s u l t  was th a t  th e se  v a lu es  a t  th e  end o f  
the m o n ito rin g  p e r io d  were n e a r ly  th e  same as  tho se  o b ta in ed  p r io r  
to  th e  f i r s t  seed ing  run .
The wind speed v a r i a b i l i t y  p r o f i l e s  fo r  approxim ate cumulonimbus 
s c a le  m otion (VARIB Wl) shows a  c o n s id e ra b le  in c re a se  in  th e  n o r th e a s t  
q u ad ran t, j u s t  a f t e r  th e  f i r s t  seeding  run  (F ig . 4 5 ). T his response  
le v e l  th en  d ec reased  du rin g  th e  p e rio d  a f t e r  th e  seed ing . (Compare th e  
pass  fo r  1155 to  1235 GMT w ith  th a t  fo r  1240 to  1308 GMT.) The n ex t 
two m on ito ring  p asses  through t h i s  re g io n  o ccu rred  ju s t  p r io r  to  and 
s h o r t ly  a f t e r  the th i r d  seeding  p e r io d . A gain, the  s ig n i f ic a n t  in c re a se  
i s  no ted  a f t e r  th e  seed ing  fo r  th e  n o r th e a s t  qu ad ran t. A s im ila r  sequence 
o f  ev en ts  i s  noted fo r  th e  p e rio d  su rround ing  the  fo u rth  seeding  ev en t 
(«/1800 GMT) in  th e  n o r th e a s t  q u ad ran t. The peak response in  the  so u th ­
e a s t  q u ad ran t o ccu rred  approx im ately  one and one h a l f  h rs  a f t e r  th e  
fo u r th  seed in g . The peak v a lu e  (e x c lu s iv e  o f  th e  c e n t r a l  reg io n ) was 
lo c a te d  a t  a'radial d is ta n c e  o f  approx im ate ly  30 nm ifrom  th e  storm c e n te r .  
I t  would ta k e  approx im ate ly  one and one h a l f  h r s  to  c a rry  th e  seed ing  
agen t to  t h i s  a re a  from i t s  p o in t o f r e le a s e  i f  i t  rem ained suspended in  
th e  ta n g e n tia l  flow  a t  th e  p roper l e v e ls .
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The witd speed v a r i a b i l i t y  p r o f i l e s  fo r  approxim ate ra inband  
s c a le  m otion (VARIB W2) a re  shown in  F ig . 46. The m agnitude o f t h i s  v a r i ­
a b i l i t y  o u ts id e  th e  eye in c reased  c o n s id e ra b ly  in  th e  n o r th e a s t  quad ran t 
a f t e r  th e  f i r s t  seed ing  ru n . I t  i s  in t e r e s t in g  to  n o te  th a t  t h i s  v a r i ­
a b i l i t y  con tinued  to  in c re a se  through th e  one hour p e rio d  a f t e r  th i s  
seeding  run  w hereas th e  cumulonimbus s c a le  v a r i a b i l i t y  tended to  show a 
decrease  n ear th e  end o f  t h i s  same p e rio d . T h is  ra in b an d  s c a le  v a r i a b i l i t y  
had subsided co n s id e ra b ly  j u s t  p r io r  to  th e  th i r d  seed ing  p e r io d , and 
then  showed a d ram atic  in c re a se  (^300 p e rc e n t in c r e a s e ) . The wind speed 
v a r i a b i l i t y  fo r  th e  ra in b an d  sc a le  was a lso  on th e  in c re a se  in  th e  sou th ­
w est quadran t d u rin g  t h i s  same p e rio d . The wind speed v a r i a b i l i t y  con­
tin u ed  to  In c rea se  on both  th e  r ig h t  and l e f t  (NE-SW) s id e s  o f the  storm , 
reach ing  a maximum near th e  end o f the seed ing  p e r io d  and then  subsided .
The two p r o f i l e s  o b ta in ed  a t  the end o f th e  m o n ito rin g  p e rio d  were q u ite  
s im ila r  in  maximum m agnitudes to  those  reco rd ed  p r io r  to  th e  f i r s t  seed­
ing ev en t.
The wind speed v a r i a b i l i t y  p r o f i l e s  fo r  eyew all s c a le  m otion 
(VARIB W3) in d ic a te  l i t t l e  n e t change in  th e  m agnitude o f th e  response  
fo r  the th re e  p asses  shown in  F ig . 47. These p r o f i l e s  a re  ag a in  fo r  th e  
p e rio d  p r io r  to  seed ing  (1140 GMT), a f t e r  th e  t h i r d  seed ing  (1700 GMT), 
and a t  the  end o f th e  m on ito ring  p erio d  (21/0210 GMT). A lthough th e re  
was l i t t l e  change in  th e  m agnitudes o f th e  peak v a lu e s ,  th e re  was a 
d i s t i n c t  s h i f t  outw ard in  th e  lo c a tio n  o f  th e se  maxima re g io n s  in d ic a tin g  
an expansion o f th e  eye d iam eter between 1140 and 1700 GMT. A s h i f t  in ­
ward then  o ccu rred , b u t the  f in a l  lo c a tio n  o f  th e se  peak v a lu e s  was 
approxim ately  5n mi f a r th e r  from th e  storm c e n te r  th an  fo r  th e  p e rio d  p r io r  
to  th e  f i r s t  seed ing .
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P re ssu re
The minimum v a lu e  o f the  f i l t e r e d  "D" v a lu es  shows an in c re a se  
o ccu rred  between the  tim e o f th e  th i r d  seed in g  and th e  f i n a l  m on ito ring  
pass o f  th e  day (F ig . 4 6 ). A pproxim ately one h a l f  o f t h i s  in c re a se  took 
p la ce  in  th e  long w avelengths w ith  most o f  th e  rem ainder o c c u rr in g  in  
th e  ra in b an d  to  eyew all s c a le  o f m otion . A lthough th e  c e n t r a l  p re s su re  
was s tead y  through th e  f i r s t  s ix  h r s  o f th e  experim ent fo r  th e  sum of 
th e  long  and in te rm e d ia te  w aveleng ths ( f i l t e r s  "A" and "B")> a d ec re ase  
i s  no ted  fo r  th e  long w avelength  f e a tu r e s  ( f i l t e r  "C " ). T h is o f  course 
im p lie s  th a t  an in c re a se  in  p re s su re  m ust have o ccu rred  in  th e  i n t e r ­
m ed iate  w aveleng ths.
The cumulonimbus s c a le  "D" v a lu e  p r o f i l e s  (band f i l t e r  "D") 
g e n e ra lly  show an in c re a se  in  th e  m agnitude o f  th e  h o r iz o n ta l  v a r ia t io n s  
a f t e r  th e  f i r s t  seed ing  (F ig . 4 9 ). T h is param eter g e n e ra lly  rem ained 
q u i te  a c t iv e  through th e  seed ing  p e r io d  and th en  dampened c o n s id e ra b ly  by 
th e  end o f  th e  m on ito ring  p e r io d . The maximum v a lu e s  a t  the  end o f  th e  
m o n ito rin g  p e rio d  were approx im ate ly  50 p e rc e n t sm alle r than  th o se  gener­
a l ly  observed  d u ring  the  seed ing  o p e ra t io n .
The ra inband  s c a le  "D" v a lu e  p r o f i l e s  (band f i l t e r  "E") show a 
d i s t i n c t  d ec re a se  in  the  p re ssu re  g ra d ie n ts  p a r t i c u la r ly  in  th e  eyew all 
re g io n  (F ig . 5 0 ). Most o f t h i s  p re s s u re  change occu rred  b e fo re  th e  fo u r th  
seed ing  p e r io d . However, th e  f i n a l  p r o f i l e  shown i s  much sm oother than  
e i th e r  o f  th e  two reco rded  e a r l i e r .  A lso , th e  maximum am plitude o f  th e  
curve o b ta in e d  on th e  l a s t  m on ito ring  pass  i s  40 p e rc e n t sm a lle r th an  th a t  
reco rd ed  p r io r  to  seed in g .
The eyew all s c a le  D v a lu e  p r o f i l e s  (band f i l t e r  "F") a lso  e x h ib i t  
th e  d e c re a se  in  am plitude and th e  p re s s u re  g ra d ie n t in  th e  eyew all re g io n
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du rin g  th e  seed in g  o p e ra t io n . Again, a m ajor p o r t io n  o f  t h i s  change 
took p la c e  b e fo re  th e  fo u r th  seed in g , b u t a s ig n i f i c a n t  amount o f  t h i s  
change o ccu rred  betw een th e  tim e o f th e  fo u r th  seed ing  and th e  f i n a l  
m on ito ring  p a ss .
The cumulonimbus s c a le  p re s su re  v a r i a b i l i t y  p r o f i l e  (VARIB P I) a re  
shown in  F ig . 51. No m ajor change in  th e  m agnitudes o f t h i s  param eter 
occu rred  d u rin g  m ost o f  th e  seed ing  p e r io d , ex cep t a t  a few is o la te d  
p o in ts .  However, a g e n e ra l dampening i s  no ted  n ear th e  end o f th e  seed­
ing p e r io d  u n t i l  th e  f i n a l  m on ito ring  p a s s . In  f a c t ,  th e  average magni­
tude o f t h i s  p a ram eter w ith in  30 n mi o f  th e  storm  c e n te r  i s  app rox im ate ly  
one h a l f  o f  t h a t  reco rd ed  p r io r  to  th e  f i r s t  seed ing  p e r io d .
The ra in b a n d  s c a le  p re s su re  v a r i a b i l i t y  p r o f i l e s  (VARIB P2) a re  
shown in  F ig . 52. A lthough th e re  a re  c o n s id e ra b le  h o r iz o n ta l  and tim e 
v a r ia t io n s  o f  t h i s  p a ra m e te r , i t  i s  d i f f i c u l t  to  determ ine  any s i g n i f i ­
can t tr e n d s .  The average  am plitude o f  th e  p r o f i l e s  rem ains n e a r ly  th e  
same th rough  m ost o f th e  m o n ito rin g  p e r io d  ex cep t fo r  a  few s e le c t  p o in ts .  
The eyew all s c a le  p re s s u re  v a r i a b i l i t y  p r o f i l e s  (VARIB P 3 ) , however e x h ib i t  
d i s t i n c t  changes (F ig . 5 3 ) . The m agnitude o f t h i s  param eter d ec reased  
by about 14 p e r c e n t , w ith  l i t t l e  n e t  change taking p la c e  in  th e  n o r th ­
e a s t  q u ad ran t d u rin g  th e  m on ito ring  p e r io d .
Tem perature
The f i l t e r e d  tem p era tu re  p r o f i l e s  (F ig . 54) show th a t  a la rg e  
change o ccu rred  d u rin g  th e  seed ing  o p e ra t io n . The maximum tem p era tu re  
observed in  th e  c e n t r a l  re g io n s  o f th e  storm  shows a s tead y  d e c re a se  w ith  
tim e , e s p e c ia l ly  fo r  th e  s h o r t  and in te rm e d ia te  w aveleng ths ( f i l t e r s  "A” 
and "B” ) .  However, th e  m ajor p o r tio n  o f th e  re d u c tio n  which o ccu rred  in
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the  lo n g e r w avelengths ( f i l t e r  "C” ) came a f t e r  th e  tim e o f  th e  th i r d  
seed ing . T his re d u c tio n  o f  tem p era tu re  in  th e  lo n g e r w aveleng ths d u rin g  
the  l a t t e r  p o r tio n  o f th e  m o n ito rin g  p e rio d  accoun ts  fo r  m ost o f the  
change in  maximum tem p era tu re  d ep ic ted  in  th e  i l l u s t r a t i o n s  fo r  f i l t e r s  
"A" and "B ". These r e s u l t s  imply th a t  a p o s s ib le  sequence of ev en ts  
occurred  where th e  changes f i r s t  o ccu rred  in  th e  s h o r te r  w avelength 
f e a tu re s  and then  p ro g re ssed  through th e  longer w av e len g th s . Also o f 
p a r t i c u la r  i n t e r e s t  in  t h i s  s e t  o f p r o f i l e s  i s  th e  re d u c t io n  o f tem pera­
tu re  g ra d ie n t  p a r t i c u la r ly  in  th e  eyew all reg io n  on th e  n o r th e a s t  s id e  
which o ccu rred  d u rin g  th e  m on ito rin g  p e r io d . T h is f e a tu r e  i s  e v id e n t fo r  
a l l  th re e  f i l t e r  r e s u l t s .  A lso , th e  tem pera tu re  p r o f i l e s  became smoother 
d u rin g  th e  experim ent as i l l u s t r a t e d  by th e  d isap p ea ran ce  o f th e  secondary 
tem pera tu re  maximum lo c a te d  on th e  n o r th e a s t  s id e  o f th e  storm . During 
th i s  same tim e in t e r v a l ,  th e  tem p era tu re  in c re a se d  in  th e  o u te r  re g io n s  
o f  th e  storm  covered by th e  m o n ito ring  p a t te r n .
The tim e sequence o f  tem pera tu re  p r o f i l e s  r e p re s e n t in g  the  cumulo­
nimbus s c a le  (band f i l t e r  "D") in d ic a te s  th a t  a c o n s id e ra b le  re d u c tio n  in  
the  maximum v a lu e  o ccu rred  d u rin g  th e  m o n ito ring  p e rio d  (F ig . 5 5 ). In  
f a c t  th e  maximum am plitude o f  th e  cu rves fo r  th e  tem p era tu re s  reco rded  
a t  th e  end o f th e  m o n ito rin g  p e rio d  was le s s  th a n  one h a l f  o f th a t  ob­
served  p r io r  to  th e  f i r s t  seed in g . The la r g e s t  p o r t io n  o f  t h i s  red u c­
t io n  appears to  have o ccu rred  d u rin g  th e  e a r ly  p o r t io n  o f  th e  m on ito ring  
p e r io d . The n o r th e a s t  and southw est s id e s  o f  th e  storm  appeared to  be 
about e q u a lly  a c t iv e  fo r  t h i s  s c a le  o f m otion d u rin g  most o f  the  m on ito r­
ing p e r io d . However, th e re  was th e  g en e ra l tre n d  o f  th e  maximum v a lu e s  
which d ecreased  through most o f  th e  p e rio d  o f  th e  experim en t.
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The tem p era tu re  p r o f i l e s  re p re s e n tin g  th e  ra in b an d  s c a le  (band 
f i l t e r  "E") a lso  showed a  co n s id e ra b le  re d u c tio n  In  am plitude to  have 
occurred  d u rin g  th e  p e rio d  o f  th e  experim ent (F ig . 5 6 ). Most o f th i s  
change o ccu rred  p r io r  to  th e  time o f th e  fo u r th  seed ing  ev en t. The 
re d u c tio n  In th e  tem pera tu re  g ra d ie n t fo r  t h i s  s c a le  o f m otion was q u ite  
la rg e ,  p a r t i c u la r ly  In  th e  n o r th e a s t q u ad ran t. The eyew all s c a le  tem per­
a tu re  p r o f i l e s  (band f i l t e r  "F") In d ic a te d  th i s  same g e n e ra l tren d  (F ig .
56 ). The c e n t r a l  v a lu e  decreased  by 2 C d u rin g  th e  m o n ito rin g  p erio d  
w ith  3 /4  o f t h i s  change ta k in g  p lace  p r io r  to  th e  tim e o f  th e  fo u rth  
seed ing . D uring th e  same p e r io d , the  minimum tem p era tu res  In creased  by 
approx im ate ly  1 C. These two changes r e s u l te d  In a m ajor re d u c tio n  o f 
the  tem pera tu re  g ra d ie n t .
The cumulonimbus s c a le  tem peratu re  v a r i a b i l i t y  p r o f i l e s  (VARIB T l) 
fo r  th e  l e f t  and r i g h t  s id e s  o f the storm (SW-NE) a re  shown In  F ig . 57.
The maximum m agnitudes o f  t h i s  param eter f lu c tu a te d  c o n s id e ra b ly  d u ring  
th e  seeding  o p e ra t io n . The peak va lues on th e  southw est s id e  o f th e  
storm In c reased  In m agnitude s ig n i f ic a n t ly  d u ring  th e  f i r s t  f iv e  o r s ix  
hours o f the  m o n ito rin g  p e rio d . These peak v a lu es  then  d ecreased  slow ly 
through th e  end o f  th e  m on ito ring  p e rio d . The v a lu e s  reco rd ed  fo r  th e  
f in a l  two m o n ito rin g  p asses  through th i s  a re a  averaged 25 to  50 p e rce n t 
le s s  than  tho se  observed  near th e  time o f th e  th i r d  and fo u r th  seed ln g s .
The peak v a lu e s  fo r  th e  n o r th e a s t s id e  o f  th e  storm  fo llow ed  th i s  same 
g en e ra l t r e n d , ex cep t th a t  th e  maximum v a lu e s  were reco rded  near th e  tim e 
o f the  f i r s t  seed ing  ru n  and decreased  th rough th e  end o f  th e  m on ito ring  
p e rio d .
The ra inband  s c a le  tem peratu re v a r i a b i l i t y  p r o f i l e s  (VARIB T2) 
d ep ic ted  In F ig . 58 show la rg e  h o r iz o n ta l  and tim e v a r ia t io n s .  The maximum
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v a lu e s  o f t h i s  param eter were observed p r io r  to  th e  tim e o f  th e  fo u rth  
seed in g . These v a lu e s  then  decreased  and th e  maximum v a lu e s  reco rded  
n ear th e  end o f  th e  m on ito rin g  p e rio d  averaged some 20 to  50 p e rc e n t le s s  
than  th a t  reco rd ed  p r io r  to  th e  f i r s t  seed ing  ev en t.
The tem p era tu re  v a r i a b i l i t y  p r o f i l e s  fo r  th e  eyew all s c a le  
(VARIB T3) a re  shown in  F ig . 59. A s ig n i f i c a n t  re d u c tio n  in  th e  maximum 
v a lu e s  fo r  t h i s  v a r ia b le  had occurred  in  th e  sou thw est and c e n t r a l  po r­
tio n s  o f  th e  storm  p r io r  to  th e  tim e o f th e  fo u r th  seed ing  e v e n t. During 
th e  same p e rio d  th e  double maxima lo c a te d  on th e  n o r th e a s t  s id e  o f th e  
storm  was re p la c e d  by a  s in g le  peak. The t o t a l  re d u c tio n  o f  th e  peak v a lu e s  
o f  th e  tem p era tu re  v a r i a b i l i t y  fo r  th e  p e rio d  o f  th e  m o n ito rin g  m issions 
was approx im ate ly  41 , 30, and 25 p e rc e n t,  r e s p e c t iv e ly ,  f o r  th e  sou thw est, 
c e n t r a l  and n o r th e a s t  p o r tio n s  o f  the  sto rm , r e s p e c t iv e ly .
M oistu re
The double eye s t r u c tu r e  p re s e n t d u rin g  th e  e a r ly  p o r t io n s  o f th e  
m o d if ic a t io n  experim ent in  h u r r ic a n e  Debbie on August 20, 1969 i s  q u ite  
e v id e n t in  th e  m o is tu re  f i e l d  a n a ly s is  fo r  t h i s  tim e and d a ta  (F ig . 6 0 ),
T his f e a tu re  was p re s e n t p r io r  to  th e  f i r s t  seed ing  ^ 1 1 4 0  GMT), b u t 
had become c o n s id e ra b le  le s s  d i s t i n c t  by 1700 GMT. However, some sem­
b la n c e  o f t h i s  s t r u c tu r e  rem ained th roughou t th e  m o n ito rin g  p e r io d , 
e s p e c ia l ly  in  th a t  o b ta in ed  by a p p l ic a t io n  o f  f i l t e r  "A". A lso o f con­
s id e ra b le  i n t e r e s t  i s  th a t  th e  minimum c e n t r a l  v a lu e  in c re a se d  d u ring  th e  
p e rio d  o f th e  exp erim en t. This f e a tu r e  i s  q u i te  prom inent in  b o th  o f 
th e  s e ts  o f  p r o f i l e s  o b ta in ed  through use  o f  f i l t e r s  "A" and "B". During 
th i s  same p e r io d , th e  t o t a l  amount o f  m o is tu re  was in c re a s in g  over the  
c e n t r a l  and sou thw estern  p o r tio n s  o f  th e  sto rm . This was e s p e c ia l ly  t ru e  
fo r  th e  lo n g e r w ave len g th s , where th e  v a lu e  in c re a sed  by approx im ate ly  
1 .0  to  1 .5  gm/kg.
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The cumulonimbus s c a le  m ixing r a t i o  p r o f i l e s  (band f i l t e r  "D") 
show a tre n d  toward a  s l i g h t  d ecrease  w ith  th e  p ass in g  o f  tim e a f t e r  the  
f i r s t  seed ing  p e r io d  (F ig . 61 ). The minimum average am plitude was r e ­
corded some 4 to  5 h r s  a f t e r  th e  f i n a l  seed in g  ev en t and then  in c reased  
am p litudes a re  no ted  fo r  th e  f in a l  two p asse s  th rough th e  a re a  a t  th e  end 
o f  th e  m o n ito rin g  p e r io d .
The m ixing r a t i o  p r o f i l e s  a s so c ia te d  w ith  th e  ra in b an d  s c a le  (band 
f i l t e r  "E") a re  d e p ic te d  in  F ig . 62. The average am p litu d e  o f th e  p ro ­
f i l e  fo r  21/0210 GMT was approx im ate ly  1 /2  t h a t  reco rd ed  p r io r  to  th e  
f i r s t  seed in g  e v e n t. The eyew all s c a le  m ixing r a t i o  p r o f i l e s  (band f i l ­
t e r  "F") show a tre n d  toward le s s  h o r iz o n ta l  v a r i a t i o n s ,  p a r t i c u la r ly  
over th e  c e n t r a l  r e g io n s ,  which occurred  d u rin g  th e  p e r io d  o f  th e  e x p e r i­
ment. The minimum c e n t r a l  v a lu e  in c re ased  by app rox im ate ly  2 gm/kg d u ring  
th i s  p e r io d  w h ile  th e  v a lu e  in  the  eyew all rem ained n e a r ly  c o n s ta n t .
The cumulonimbus s c a le  m ixing r a t i o  v a r i a b i l i t y  p r o f i l e s  (VARIB Ml) 
show very  l i t t l e  change in  th e  average am plitude d u rin g  th e  experim ent 
(F ig . 6 3 ). Local changes a re  observed , b u t i t  i s  d i f f i c u l t  to  a s s o c ia te  
them w ith  a p a r t i c u l a r  e v e n t. The m ixing r a t i o  v a r i a b i l i t y  p r o f i l e s  
a s s o c ia te d  w ith  ra in b an d  s c a le  motion (VARIB M2) showed a d ec re ase  in  the 
average am plitude w hich occu rred  d u ring  the  m o n ito rin g  p e r io d  (F ig . 64 ).
The average v a lu e s  o b ta in e d  some 3 to  5 h o u rs  a f t e r  th e  f i n a l  seed ing  
even t were app ro x im ate ly  10 to  20 p e rce n t sm a lle r  than  th o se  observed 
d u rin g  th e  e a r ly  p o r t io n  o f  th e  m onito ring  p e r io d . The eyew all s c a le  
m ixing r a t i o  v a r i a b i l i t y  p r o f i l e s  (VARIB M3) show an average am plitude re d u c tio n  
o f 20 to  30 p e rc e n t to  have occu rred  over th e  c e n t r a l  and sou thw est p o r tio n s  
o f  th e  storm  d u rin g  th e  p e rio d  o f th e  m o d if ic a t io n  a tte m p ts  (F ig . 65).
This re d u c tio n  r e f l e c t s  th e  tren d  toward sm oother p r o f i l e s  which was
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d e p ic te d  e a r l i e r  (F ig . 6 0 ).
Comparison, o f  A n a ly s is  R e su lts  w ith  Seeding H ypotheses I  and I I
The changes th a t  o ccu rred  in  h u r r ic a n e  D ebbie in  th e  cumulo­
nimbus and in te rm e d ia te  (ra in b an d  and eyew all) s c a le s  o f  m otion on 
A ugust 20, 1969 w ere q u i te  s im i la r  to  th o se  w hich o ccu rred  on August 
18, 1969. However, th e  la rg e  s c a le  changes w ere q u i te  d i f f e r e n t .
A p p aren tly , any seed in g  e f f e c t s  ta k in g  p la ce  w ere b e in g  superim posed on 
a  la rg e  s c a le  in c re a s e  in  storm  in t e n s i ty ,  p a r t i c u l a r ly  d u rin g  th e  f i r s t  
h a l f  o f  th e  seed ing  experim en t p e rio d .
The seed ing  experim en t conducted on A ugust 20, 1969 was id e n t ic a l  
to  t h a t  f o r  August 18 , 1969. T hat i s ,  i t  was q u i te  s im i la r  to  t h a t  p ro ­
posed under H ypo thesis  I I  and d i f f e r e n t  from th a t  su g g es ted  by H ypothesis 
I .  The n e t  r e s u l t s  in d ic a te  th a t  te m p era tu res  d ec reased  in  th e  c e n t r a l  
re g io n  and in c re a se d  in  th e  o u te r  r e g io n s , o f f e r in g  c o n s id e ra b le  suppo rt 
fo r  H ypo thesis I I .  That i s ,  th e re  i s  a  s tro n g  in d ic a t io n  th a t  th e  low 
le v e l  flow  was be ing  in te rc e p te d  a t  la rg e r  r a d i i  and th a t  th e  convec tive  
a c t i v i t y  in c re a se d  a t  th e s e  lo c a t io n s  d u rin g  th e  e a r ly  seed ing  p e rio d s  
and competed w ith  th e  eyew all re g io n  f o r  th e  low le v e l  f lo w . The prom inence 
o f  th e  eyew all s t r u c tu r e  d ec reased  d u rin g  the  exp erim en t. This f e a tu r e  
was p a r t i c u l a r ly  e v id e n t in  th e  m o is tu re  f i e l d  a n a ly se s . The n e t  r e s u l t  
was sm oothing oof th e  in te rm e d ia te  s c a le  f e a tu r e s  in  th e  p re s s u re ,  tem per­
a tu r e ,  and m o is tu re  f i e l d s ,  p a r t i c u la r ly  a f t e r  th e  tim e o f  th e  th i r d  o r 
fo u r th  seed ing  p e r io d . A gain, th e se  d a ta  do n o t o f f e r  much su p p o rt to  
H ypo thesis  I  s in c e  th e  te m p era tu re  g ra d ie n t  re d u c t io n  in  th e  eyew all re g io n  
was p r im a r i ly  th e  r e s u l t  o f  a  d ec re a se  in  tem p era tu re  over th e  c e n t r a l  r e ­
g ion  and an in c re a s e  a t  la rg e r  r a d i i  r a th e r  th a n  in  th e  im mediate eyew all a re a .
CHAPTER VI
GRADIENT WIND ANALYSIS OF HURRICANE DEBBIE
The g ra d ie n t wind model developed in  C hapter I I I  and Appendix A 
i s  ap p lied  to  th e  observed  wind and p re s su re  f i e l d s .  The analyzed  d a ta  
a re  p re se n te d  in  two farms. The f i r s t  i s  in  nondim ensional sca led  com­
p o n e n t ; : . t h i s  shows the  c o n tr ib u tio n  from each term  co n ta in ed  in  the 
g ra d ie n t w ind e q u a tio n . The second i s  in  th e  form o f th e  f i l t e r e d  r e l a ­
t iv e  winds ( r e l a t iv e  to  the moving storm  c e n te r )  and th e  g ra d ie n t wind 
computed from th e  f i l t e r e d  p re ssu re  f i e l d .  There a re  a ls o  two sub-groups 
o f an a ly se s  p re sen te d  fo r  each o f th e  storm s m entioned above. The f i r s t  
was o b ta in ed  by app ly ing  equal w eigh t to  th e  r e l a t i v e  wind and p re ssu re  
f i e l d s  and ze ro  w eigh t to  th e  g ra d ie n t wind c o n s t r a in t .  T hat i s ,  th e  
wind and p re s su re  f i e l d s  were f i l t e r e d  s im u ltan eo u sly  and each were assumed 
to  be e q u a lly  a c c u ra te .  I f  th e  m easurem ents o f one param eter was be­
l ie v e d  to  be le s s  r e l i a b l e  than  th e  o th e r ,  th en  more w eigh t would have 
been p laced  on the term s c o n ta in in g  th e  more r e l i a b l e  m easurem ents.
A base  c o n d itio n  was ob ta ined  by use o f ze ro  w eigh t on th e  g ra ­
d ie n t  wind c o n s t r a in t .  That i s ,  we would l ik e  to  de term ine  what p a r ts  o f 
th e  storm  meet th e  g ra d ie n t wind c o n d itio n s  fo r  s e le c te d  deg rees of f i l ­
te r in g .  In  th e  c a se s  p re se n te d , f i l t e r s  "A" and "B" w ere chosen. As 
was m entioned p re v io u s ly , th e  wind and p re s s u re  f i e l d s  were f i l t e r e d  
s im u ltan eo u sly  through the  use o f a n a ly s is  eq u a tio n s  (16) and (17). The
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r e s u l t s  from a p p l ic a t io n  o f  f i l t e r  "C" a re  no t p re se n te d  as they c o n ta in  
on ly  the long w avelength  f e a tu r e s  and d e v ia te  c o n s id e ra b ly  from th e  g ra ­
d ie n t  wind c o n d itio n .
The second sub-group was a lso  o b ta in ed  by use o f a n a ly s is  equa­
t io n s  (16) and (1 7 ). However, In th i s  c a se , the  g ra d ie n t wind c o n s tr a in t  
was assigned  a w eigh t , 100 tim es th a t  p laced  on th e  low p ass f i l t e r i n g
te rm s. This o f cou rse  causes th e  a n a ly s is  to  approach th e  g ra d ie n t wind 
c o n d itio n . P r o f i l e s  o f  th e  r e s u l t in g  wind f i e l d  a long  w ith  th e  g ra d ie n t  
wind computed from th e  r e s u l t in g  p re s su re  f i e l d  a re  p re se n te d . In  th i s  
manner, we can de term ine where o r I f  th e  g ra d ie n t wind eq u a tio n  I s  a p p l i ­
c a b le  In the  h u rr ic a n e  where In fo rm atio n  h as  been ob ta in ed  from bo th  th e  
observed  D v a lu es  and th e  observed  wind f i e l d .  T his becomes v ery  u s e fu l 
when developing  sim ple h u r r ic a n e  models o r when a ttem p tin g  to  f i l l  In 
m issin g  d a ta  a re a s  when e i th e r  the p re s su re  o r wind m easure­
ments are  m iss in g .
H urrican e  Debbie August 18, 1969
The s e r ie s  o f p r o f i l e s  shown In  F ig . 66 a re  fo r  th e  p e rio d s  
p r io r  to  the  f i r s t  seed in g , a f t e r  th e  th i r d  seed ing , and approxim ately  
4 hours a f t e r  the  f i n a l  seed in g . F i l t e r  "A" removed most o f th e  h ig h  f r e ­
quency components and some cumulus s c a le  m otion. However, some r e l a t i v e ly  
la rg e  h o r iz o n ta l  p re s su re  g ra d ie n t  v a r ia t io n s  con tin u e  to  e x i s t .  These 
v a r ia t io n s  were much g r e a te r  when on ly  th e  components w ith  w avelengths 
l e s s  than  tw onm lw ere removed (n o t I l l u s t r a t e d ) .  The response p r o f i l e s  
fo r  the  c e n tr i fu g a l  and th e  c o r lo l l s  term s a re  much sm oother, r e f l e c t i n g  
th e  e f f e c t  o f the  r a d i a l  d is ta n c e  f a c to r  In  th e  c e n t r i f u g a l  term  and th e  
c o n s ta n t c o r lo l l s  p aram ete r. The c o n tr ib u tio n  from th e  c o r lo l l s  term  Is
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an o rd e r o f m agnitude sm alle r than  th e  o th e r  two term s over th e  h igh  energy 
p o r tio n  o f  th e  storm . The prim ary e f f e c t  th a t  th e  g ra d ie n t wind c o n s tr a in t  
has on th e  re sp o n se  o f  th e se  th re e  components i s  to  smooth o u t th e  p re s ­
su re  g ra d ie n t p r o f i l e .  The o th e r  two p r o f i l e s  on ly  undergo m inor changes.
The p re s su re  g ra d ie n t  p r o f i l e ,  p a r t i c u la r ly  on th e  southw est s id e  
o f th e  storm  underwent a m ajor change d u rin g  th e  m on ito ring  p e r io d . This 
q u a n tity  showed i t s  l a r g e s t  h o r iz o n ta l  v a r ia t io n s  d u rin g  the  a c tu a l  seed­
ing p e rio d  ^ 1 8 2 5 ) and th e  l e a s t  some 4 rhrs a f t e r  th e  f in a l  seed ing  
ev en t. That i s ,  the  a n a ly s is  w ith  th e  g ra d ie n t  wind c o n s tr a in t  d e v ia te d  
most from th a t  w ith o u t th e  g ra d ie n t wind c o n s t r a in t  d u rin g  the seed ing  
p e rio d  and l e a s t  a t  th e  end o f the  m o n ito rin g  p e r io d .
The wind p r o f i l e s  in  F ig . 67 correspond  to  th e  an a ly ses  in d ic a te d  
in  F ig . 66. The p r o f i l e s  shown in  p an e ls  A th rough C and D th rough F o f 
F ig . 67 were o b ta in ed  from th e  a n a ly s is  re p re s e n te d  by th e  s o l id  and 
dashed l in e s  r e s p e c t iv e ly  in  F ig . 66. The r e l a t i v e  wind p r o f i l e s  r e ­
su lte d  d i r e c t l y  from th e  a n a ly s is  w h ile  th e  g ra d ie n t wind was computed 
from the  p re s su re  p r o f i l e s  o b ta in ed  in  the  a n a ly s is .  By comparing th e se  
s e ts  o f p r o f i l e s ,  we can determ ine how w e ll th e  analyzed  p re s su re  and 
wind f i e l d s  approxim ate th e  g ra d ie n t wind c o n d itio n .
P an e ls  A, B, and C o f F ig . 67 i l l u s t r a t e  th e  a n a ly s is  r e s u l t s  
which exclude th e  g ra d ie n t wind c o n s t r a in t .  I t  i s  r a th e r  obvious th a t  in  
g e n e ra l ly , th e  g ra d ie n t  wind co n d itio n  i s  n o t s a t i s f i e d  by the r e s u l t s  
ob ta in ed  by a p p l ic a t io n  o f f i l t e r  "A" to  th e  observed wind and p re ssu re  
f i e l d s .  A lso o f  c o n s id e ra b le  in t e r e s t  i s  th e  f a c t  th a t  the p re s su re  f i e l d  
shows a d i s t i n c t  tre n d  toward s a t i s f y in g  th e  g ra d ie n t  wind c o n d itio n  
d u ring  th e  m o n ito rin g  p e r io d . That i s ,  th e  g ra d ie n t wind computed from 
the analyzed p re ssu re  f i e l d  a t  19/0157 GMT (panel C ), i s  a much c lo s e r  
approxim ation  o f the  analyzed  r e l a t i v e  wind p r o f i l e  fo r  th a t  tim e and
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lo c a tio n  th an  was o b ta in e d  f o r  th e  same two p a ram ete rs  a t  1313 GMT (panel
A).
The wind speed an a ly se s  o b ta in ed  by th e  s im ultaneous a p p l ic a t io n s  
o f the  g ra d ie n t w ind c o n s tr a in t  and f i l t e r  "A" fo r  th e  same observed 
d a ta  d e sc rib e d  above a re  i l l u s t r a t e d  in  D, E, and F o f  F ig . 67. The b e s t  
agreement between th e  ana lyzed  r e la t iv e  wind and th e  computed g ra d ie n t 
wind i s  shown fo r  th e  eyew all reg io n  a t  1825 GMT. The g ra d ie n t wind
c o n s tr a in t  fo rc e s  an ad justm en t on both  the p re s s u re  and wind f i e l d s  in  
an e f f o r t  to  fo rc e  th e  a n a ly s is  to  s a t i s f y  th e  g ra d ie n t  wind c o n d itio n .
The only  reaso n  th a t  th e  two wind p r o f i l e s  a re  n o t id e n t ic a l  i s  th a t  th e  
g ra d ie n t wind c o n d itio n  was n o t to t a l l y  s a t i s f i e d .  I f  th i s  were th e  de­
s ire d  r e s u l t ,  one would p la c e  a la rg e r  r e l a t i v e  w eigh t on th e  g ra d ie n t 
wind c o n s tr a in t  o r  d e r iv e  a d i f f e r e n t  s e t  o f  a n a ly s is  eq u a tio n s  u s in g  
Lagrange m u l t i p l i e r s .  However, in  th i s  c a se , we w ish to  determ ine how 
w e ll th e  p re s su re  and wind f i e l d s  s a t i s f y  th e  g ra d ie n t  wind c o n d itio n , 
and which must be a d ju s te d  th e  most to  approxim ate t h i s  c o n d itio n . As 
was s ta te d  e a r l i e r ,  th e  p re s su re  and wind f i e l d  measurements were assumed 
to  be e q u a lly  r e l i a b l e .  However, i t  appears t h a t  th e  g r e a te s t  e f f e c t  o f 
in c lu d in g  th e  g ra d ie n t  wind c o n s tr a in t  was to  a d ju s t  th e  p re ssu re  f i e ld  
beyond t h a t  imposed by f i l t e r  "A". T his c o n d itio n  i s  i l l u s t r a t e d  by the  
f a c t  th a t  th e  g ra d ie n t  wind p r o f i le s  in  upper p a n e ls  o f  F ig . 67 d i f f e r  
co n sid e rab ly  from t h e i r  co rresponding  p r o f i l e s  in  th e  lower p a n e ls .
At th e  same tim e, th e  r e l a t i v e  wind speed p r o f i l e s  fo r  
th e  two an a ly se s  d i f f e r  on ly  s l ig h t ly  fo r  th e  same tim e p e r io d s .
The g ra d ie n t  wind speed component a n a ly s is  r e s u l t in g  from a p p l ic a ­
t io n  o f f i l t e r  "B" w ith  and w ith o u t th e  g ra d ie n t  wind c o n s tr a in t  i s  i l l u s ­
t r a te d  in  F ig . 68. The g en e ra l e f f e c t  o f  f i l t e r  "B" i s  to  remove th e
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cumulonimbus and sm alle r s c a le  m o tions . T h is e f f e c t  o f  t h i s  a d d i t io n a l  
f i l t e r i n g  i s  q u ite  e v id e n t when com paring th e  r e s u l t s  shown in  F ig . 68 
w ith  th o se  d ep ic ted  in  F ig . 66. A nother m ajor d if f e r e n c e  between th e se  
two s e t s  o f  d a ta  i s  th a t  the  d i f f e r e n c e  between th e  p r o f i l e s  w ith  and 
w ith o u t th e  g ra d ie n t wind c o n s t r a in ts  fo r  th e  c e n t r i f u g a l  and c o r io l i s  
term s i s  g e n e ra lly  la rg e r  fo r  f i l t e r  "B" th an  fo r  f i l t e r  "A". This im­
p l i e s  th a t  th e  m ajor e f f e c t  o f  th e  g ra d ie n t  wind c o n s t r a in t  was to  a d ju s t  
th e  wind speed fo r  f i l t e r  "B" and to  a d ju s t  th e  p re s s u re  f i e l d  fo r  f i l t e r  
"A". The r e s u l t s  shown in  F ig . 69 a lso  in d ic a te  th e  p resen ce  o f t h i s  
e f f e c t .  For in s ta n c e , the  im p o sitio n  o f th e  g ra d ie n t wind c o n s tr a in t  
caused th e  analyzed v a lu e  o f th e  wind speed to  be in c re a se d  by 10 k t  on 
th e  sou thw est s id e  o f  th e  storm  a t  approx im ate ly  1313 GMT (F ig . 69 A and
B ). However, i f  one compares th e  r e l a t i v e  wind p r o f i l e s  o b ta in ed  by use 
o f  f i l t e r s  "A" and "B" w ith  th e  in c lu s io n  o f th e  g ra d ie n t  wind c o n s t r a in t  
(dashed l i n e s  in  p an e ls  D, E, and F o f  F ig s . 67 and 69) on ly  sm all d i f f e r ­
ences a re  n o ted . These r e s u l t s  imply th a t  th e  m ajor problem  w ith  th e  
computed g ra d ie n t wind p r o f i l e s  w ith o u t in c lu s io n  o f  th e  g ra d ie n t wind 
c o n s t r a in t  was in  th e  method o f  e v a lu a tin g  the  p re s su re  g ra d ie n t fo rc e  
over s h o r t  d is ta n c e s .  T his method o f  cou rse  a m p lif ie s  th e  sm all e r r o r s  
w hich may e x i s t  in  the  p re s s u re  f i e l d .  Of c o u rse , a s  th e  p re s s u re  f i e l d  
became sm oother as r e s u l te d  from g r e a te r  f i l t e r i n g  imposed by th e  in c lu ­
s io n  o f th e  g ra d ie n t wind c o n s t r a in t  o r g re a te r  r e l a t i v e  w eigh ts on the  
low p ass  f i l t e r  term s ( f i l t e r  "B") th en  th e  e v a lu a tio n  procedure became 
le s s  c r i t i c a l .  The com bination o f  th e se  r e s u l t s  in d ic a te s  th a t  th e  con­
d i t io n s  imposed on th e  wind and p re s su re  f i e l d s  by f i l t e r  "A" more c lo s e ly  
s a t i s f y  th e  g ra d ie n t wind c o n d itio n  th an  th o se  r e s u l t in g  from a p p l ic a t io n  
o f  f i l t e r  "B” .
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The components o f  th e  g ra d ie n t wind (F ig . 70) in d ic a te  a  r e l a ­
t iv e ly  good agreem ent between th e  p r o f i l e s  o b ta in ed  w ith  and w ith o u t the 
g ra d ie n t wind c o n s t r a in t  fo r  th e  th re e  s e t s  o f p r o f i l e s  shown. A gain, 
th e  p r o f i l e  o f  th e  p re s su re  g ra d ie n t shows th e  l a r g e s t  f lu c tu a t io n s  and 
th e  g e n e ra l e f f e c t  o f th e  in c lu s io n  o f th e  p re s s u re  g ra d ie n t  c o n s t r a in t  
i s  to  smooth o u t th e se  h o r iz o n ta l  v a r ia t io n s .  These h o r iz o n ta l  v a r ia ­
t io n s  a re  a m p lif ie d  by th e  method o f f i n i t e  d if f e re n c in g  over s h o r t  space 
in te r v a ls  t h a t  was used to  o b ta in  th e  g ra d ie n t  wind p r o f i l e s  shown in  A, 
B, and C o f F ig . 71. The smoothing e f f e c t  o f in c lu s io n  o f  th e  g ra d ie n t 
wind c o n s t r a in t  i s  shown in  D, E, and F o f  F ig . 71. I t  shou ld  a ls o  be 
noted th a t  th e  g ra d ie n t wind model over e s t im a te s  th e  wind speed over 
most a re a s  o u ts id e  th e  eye o f  th e  storm .
The g ra d ie n t  wind component a n a ly s is  r e s u l t in g  from a p p l ic a t io n  
o f  f i l t e r  "B" shows e x c e l le n t  agreem ent between th e  p re s su re  g ra d ie n t  
p r o f i l e s  o b ta in e d  w ith  (dashed l in e )  and w ith o u t ( s o l id  l in e )  in c lu s io n  
o f th e  g r a d ie n t  wind c o n s t r a in t  (F ig . 7 2 ). This r e s u l t  in d ic a te s  th a t  
the method o f  e v a lu a tin g  th e  d if f e re n c e  o p e ra to r  i s  s u f f i c i e n t ly  a c c u ra te  
fo r  s c a le s  o f  m otion re p re s e n te d  by f i l t e r  "B". However, th e  in c lu s io n  
o f th e  g r a d ie n t  wind c o n s t r a in t  r e s u l t s  in  an in c re a se  in  th e  analyzed  
wind speed w hich i s  r e f le c te d  by the  in c re a se d  v a lu e s  fo r  th e  c o r io l i s  
and c e n t r i f u g a l  te rm s. This e f f e c t  i s  f u r th e r  i l l u s t r a t e d  in  F ig . 73. 
Here a g a in , th e  g ra d ie n t  wind model ten d s  to  o v e re s tim a te  th e  a c tu a l  
wind speed f o r  n e a r ly  a l l  o f  th e  h igh  energy  p o r t io n  o f th e  storm  moni­
to re d . The r e s u l t s  o b ta in ed  w ith  in c lu s io n  o f th e  g ra d ie n t wind con­
s t r a i n t  w ith  f i l t e r  "B" in d ic a te d  a la r g e r  in c re a s e  in  th e  wind speed 
than  w ere o b ta in e d  were f i l t e r  "A". That i s ,  th e  dashed l i n e  p r o f i l e s
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fo r  A, B, and C o f F ig . 71 d i f f e r  only  s l i g h t ly  from th e  co rrespond ing  
p r o f i l e s  In  D, E, and F o f th e  same f ig u re .  However, th e se  same re sp e c ­
t iv e  p r o f i l e s  I l l u s t r a t e d  In  A, B, and C o f F ig . 73 d i f f e r  c o n s id e ra b ly  
from the  co rresp o n d in g  p r o f i l e s  In  D, E, and F o f th e  same f ig u r e .  These 
r e s u l t s  In d ic a te  th a t  th e  g ra d ie n t  wind c o n d itio n  I s  more n e a r ly  s a t i s ­
f ie d  by the  sum o f th e  s c a le s  o f  m otion re p re se n te d  by f i l t e r  "A" than  
tho se  re p re s e n te d  by f i l t e r  "B". A s im ila r  r e s u l t  was o b ta in e d  fo r  the  
d a ta  c o l le c te d  In  h u rr ic a n e  Debbie on August 18, 1969.
CHAPTER VII
SUMMARY AND CONCLUSIONS
The re s e a rc h  re p o rte d  on in  th i s  paper i s  concerned w ith  th re e  
b a s ic  problem s. The f i r s t  was to  develop  c o n s is te n t  a n a ly s is  techn iques 
th a t  can be used to  ev a lu a te  th e  s t r u c tu r e  and in te n s i ty  o f t r o p ic a l  
storm s as w e ll as changes in  th e  s t a t e  o f  th e  storm w ith  tim e. P a r t ic u ­
l a r  a t te n t io n  was to  be p laced  on th e  cumulonimbus, ra in b a n d , and eyew all 
s c a le s  o f  m otion . A lso , the tech n iq u es  should  p rov id e  an o b je c tiv e  means 
o f comparing th e  analyzed  r e s u l t s  from one tim e to  an o th er and from one 
storm to  an o th e r where p a r t i c u la r  i n t e r e s t  i s  p laced  on th e  h ig h  energy 
p o rtio n  o f th e  storm . The second goal was to  apply th e se  te ch n iq u es  to  
th e  d a ta  c o l le c te d  d u rin g  m o d if ic a tio n  experim en ts conducted in  H urricane 
Debbie on August 18 and 20 of 1969, and e v a lu a te  changes which occurred  
in  the  storm  s t r u c tu r e .  A lso, we w ished to  determ ine what p o r t io n  o f th e se  
changes cou ld  rea so n ab ly  be a t t r ib u te d  to  th e  seeding  experim en ts. The 
th i rd  goal was to  use th e  r e s u l t s  o f  the  an a ly ses  o f H u rricane  Debbie 
to  develop a more e x p l i c i t  and d e ta i le d  seed ing  h y p o th e s is  which could be 
used in  the  s t a t i s t i c a l  e v a lu a tio n  o f f u tu r e  m o d if ic a tio n  experim en ts.
That i s ,  to  de te rm in e  a s e t  o r sequence o f even ts  which would occur w ith  
a seeded storm  b u t would have a low p ro b a b il i ty  o f o c c u rrin g  under n a tu ra l  
c o n d itio n s .
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E v a lu a tio n  o f  A naly sis  Techniques 
The a n a ly s is  m ethods used in  t h i s  paper a re  p r im a r ily  based on 
v a r i a t io n a l  o p tim iz a tio n  te c h n iq u e s  (S a sa k i, 1958, 1968, 1969, 1 9 7 0 a ,b ,c )
The f i r s t  s e r ie s  o f a n a ly se s  were based on a n a ly s is  e q u a tio n  (5) d e riv e d
in  C hapter I I I  and Appendix A. This a n a ly s is  e q u a tio n  c o n ta in s  an ob­
s e rv a t io n a l  c o n s t r a in t  and two low pass f i l t e r  te rm s. By v a ry in g  the  
r e l a t i v e  w eigh ts on th e se  te rm s, we attem pted  to  s e le c t iv e ly  f i l t e r  
th e  reco rded  s ig n a l o r in p u t  d a ta  observed from th e  a irb o rn e  p la tfo rm .
F i l t e r in g  o f th e  d a ta  seems to  be re q u ire d  in  o rd e r  to  observe and study
in  d e t a i l  th e  sm all s c a le  m otions which a re  o f te n  masked by th e  la rg e  
s c a le  f e a tu re s  in  th e  h u r r ic a n e .  L ikew ise, th e  a b i l i t y  to  study  sm all 
changes in  the  la rg e  s c a le  m otions i s  a lso  q u ite  im p o rtan t and th e se  
changes a re  o f te n  masked by th e  sm all s c a le  f e a tu r e s .  The changes in  
th e  la rg e  sc a le  o c c u rr in g  o v er th e  tim e s c a le s  covered by the seed ing  
experim ent m on ito ring  p e r io d  a re  g e n e ra lly  b e lie v e d  to  be caused by f e a ­
tu r e s  o th e r  than th e  s e e d in g s . T h ere fo re , th e se  c o n tr ib u t io n s  must be 
se p a ra te d  in  o rd e r to  d e te rm in e  th e  immediate and s h o r t  range e f f e c t s  o f  
th e  seed ing  o p e ra tio n . T h is  s e p a ra tio n  o f s c a le s  o f m otion was accom­
p lish e d  through use  o f  low p ass  and band pass f i l t e r s  based on Eq. (5 ) .
The end p o in t problem  w hich o f te n  a r i s e s  in  s ta n d a rd  f i l t e r i n g  tech n iq u es  
seemed to  be minimal in  th e s e  a n a ly se s . The deg ree  to  which we were 
su c c e s s fu l in  e f f e c t iv e ly  s e p a ra t in g  th e se  sm all s c a le  f e a tu re s  from th e  
la rg e  sc a le  system i s  amply i l l u s t r a t e d  in  the  numerous f ig u re s  p re se n te d .
The v a r i a b i l i t y  f a c to r s  developed and used a re  based on th e  f i l ­
te re d  and band f i l t e r e d  d a ta  and some base c o n d itio n  such as the  mean t r o p ­
ic a l  atm osphere. These f a c to r s  were d efin e d  fo r  s e le c te d  s c a le s  o f  m otion 
and th e  s tan d ard  m e te o ro lo g ic a l p aram ete rs . The in fo rm atio n  e x tra c te d  by
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use o f  t h i s  te ch n iq u e  g e n e ra lly  com plim ents th a t  o b ta in ed  by use o f th e  
band f i l t e r s .  In  a d d i t io n , th e  s ig n a l  i s  norm alized  by being  a fu n c tio n  
o f th e  m agnitude o f  the  param eter be ing  in v e s t ig a te d .  T his f e a tu r e  a llow s 
one to  make a  d i r e c t  com parison o f th e  v a r i a b i l i t y  f a c to r  fo r  storm s o f 
v a r io u s  i n t e n s i t i e s .  A lso, th e se  com parisons can be made in  tim e and 
space fo r  a p a r t i c u l a r  storm . T his f e a tu r e  i s  o f p a r t i c u l a r  im portance , 
i f  th e  c h a ra c te r  an d /o r m agnitude o f  th e  computed f a c to r  fo r  a p a r t i c u la r  
s c a le  i s  ex p ec ted  to  change due to  some n a tu r a l  o r  a r t i f i c i a l  phenomenon. 
The e f f e c t iv e n e s s  o f  th i s  a n a ly s is  scheme v a r i e s ,  depending on th e  v a r i ­
ab le  and s c a le  b e in g  in v e s t ig a te d .
The a n a ly s i s  e q u a tio n s  which c o n ta in ed  th e  g ra d ie n t  wind c o n s tr a in t  
were desig n ed  to  s im u ltan eo u sly  e x t r a c t  in fo rm a tio n  from th e  observed  
p re ssu re  and w ind f i e l d s .  In  t h i s  manner we cou ld  d e term ine  w here, when, 
and f o r  w hat s c a le s  o f m otion th a t  th e  g ra d ie n t  wind c o n d itio n  was most 
n e a r ly  s a t i s f i e d .  To accom plish t h i s  ta s k ,  we have computed and d isp la y e d  
th e  s c a le s  v a lu e s  fo r  each o f  th e  c o n tr ib u tin g  term s co n ta in ed  in  th e  
g ra d ie n t w ind e q u a tio n . We found th a t  in  g e n e ra l,  th e  g ra d ie n t  w ind com­
puted from th e  p re s s u re  f i e l d  o v e re s tim a te s  th e  wind speed fo r  m ost a re a s  
o f  th e  h ig h  energy  p o r tio n  o f  th e  sto rm . I t  was found th a t  th e  m ost c r i t i ­
c a l  s te p  in  th e s e  c a lc u la t io n s  i s  in  th e  method o f e v a lu a tin g  th e  p r e s ­
su re  g r a d ie n t .  T his is  p a r t i c u l a r ly  c r i t i c a l  fo r  th e  s ig n a l  c o n ta in in g  
th e  s h o r te r  w aveleng th  f e a tu r e s  and becomes le s s  c r i t i c a l  a s  more o f  th e se  
h igh  freq u en cy  components a re  removed from th e  p re s s u re  d a ta .  T his f a c t  
i s  amply i l l u s t r a t e d  in  F ig s . 66 th rough  73where a  com parison i s  made 
between th e  r e s u l t s  o b ta in ed  w ith  f i l t e r s  "A" and "B". A lso , th e  in c lu ­
s io n  o f  th e  g r a d ie n t  wind c o n s t r a in t  a c t s  as a d d i t io n a l  low pass f i l t e r .
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A com parison o f th e  r e s u l t s  fo r  th e  In d iv id u a l components i l l u s ­
t r a t e d  in  F ig s . 66 and 70 in d ic a te  th a t  th e  prim ary e f f e c t  o f  in c lu s io n  
o f  th e  g ra d ie n t  wind c o n s t r a in t  was to  smooth o u t th e  re sp o n se  fo r  the 
p re s su re  g ra d ie n t  term . In  c o n t r a s t ,  th e  cases  i l l u s t r a t e d  in  F ig s . 68 
and 69 show th a t  th e  prim ary e f f e c t  o f th e  in c lu s io n  o f th e  g ra d ie n t  wind 
c o n s tr a in t  was to  in c re a se  the  wind speed as  r e f le c te d  in  th e  in c re ased  
v a lu e s  fo r  th e  c e n t r i f u g a l  and c o r i o l i s  term s. The re a so n  f o r  th e  d i f f e r ­
ence between th e se  two s e ts  o f  f ig u re s  i s  th a t  f i l t e r  "B" removes more 
o f  the  h ig h  frequency  components th an  does f i l t e r  "A".
The r e s u l t s  i l l u s t r a t e d  in  F ig s .  67, 69, 71 and 73 in d ic a te  th a t  
the g ra d ie n t wind model p ro v id es  a b e t t e r  r e p re s e n ta t io n  o f  th e  observed 
wind f i e l d  th an  does a s t r a i g h t  forw ard  com putation o f  th e  g ra d ie n t  wind 
based upon th e  f i l t e r e d  p re s su re  f i e l d .  This i s  a r e s u l t  o f  two cond i­
t io n s .  The f i r s t  and most im p o rtan t i s  th a t  in fo rm atio n  i s  e x tra c te d  
from bo th  th e  p re s s u re  and wind f i e l d s  and second, th e  e r r o r s  a r i s in g  
from th e  f i n i t e  d if f e re n c e  method o f e v a lu a tin g  th e  p re s s u re  g ra d ie n t 
term i s  d ec re ase d  by th e  in c re a se d  f i l t e r i n g  imposed by th e  g ra d ie n t wind 
c o n s t r a in t .  T h is  f a c t  i s  i l l u s t r a t e d  by f i r s t  comparing th e  dashed l in e  
p r o f i l e s  in  p a n e ls  D, E, and F w ith  th e  co rrespond ing  p r o f i l e s  in  panels  
A, B, and C fo r  each  o f th e  f ig u r e s  c i te d  above. N ext, compare th e  s o lid  
l in e  p r o f i l e s  in  p an e ls  D, E, and F w ith  th e  co rrespond ing  dashed l in e  
p r o f i l e s  in  p a n e ls  A, B, and C fo r  each o f th e se  f ig u r e s .  The r e s u l t  i s  
th a t  th e  dashed  l in e s  show a g r e a te r  degree  o f co rrespondence th an  the 
s o lid  l i n e s  o f  th e  lower p an e ls  w ith  th e  dashed l in e s  o f  th e  upper p an e ls . 
T hat i s ,  th e  wind a n a ly s is  r e s u l t in g  from th e  g ra d ie n t w ind model (dashed 
l in e s  in  low er p a n e ls )  p ro v id es  a  b e t t e r  r e p re s e n ta t io n  o f  th e  f i l t e r e d  
wind (dashed l i n e s  in  th e  upper p a n e ls )  th an  does th e  g ra d ie n t  wind com-
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puted  from th e  p re s s u re  f i e l d  ( s o l id  l i n e s  in  lower p an e ls)  undergoing  
th e  same deg ree  o f  f i l t e r i n g .
The r e s u l t s  from the  g ra d ie n t w ind model o f course have n o t been 
fo rced  to  i d e n t i c a l l y  s a t i s f y  th e  g ra d ie n t  wind c o n d itio n  as i s  i l l u s ­
t r a t e d  by th e  f a c t  th a t  th e  s o lid  and dashed  l in e s  in  th e  low er p a n e ls  
o f th e  above m entioned f ig u re s  a re  no t id e n t i c a l .  However, th e  a n a ly s is  
has  been fo rc e d  to  approach th i s  c o n d it io n  by p la c in g  a r e l a t i v e ly  la rg e  
w eigh t on th e  g ra d ie n t  wind c o n s tr a in t .  The a n a ly s is  could  be fo rced  
even more tow ard th e  g ra d ie n t wind c o n d it io n  by p la c in g  even a  la rg e r  
r e l a t i v e  w eigh t on th e  a p p ro p ria te  c o n s t r a i n t ,  b u t as  can be seen from 
th e  r e s u l t s  i l l u s t r a t e d  in  the lower p a n e ls  o f  F ig s . 67, 69, 71 and 73, 
th e  r e s u l t in g  a n a ly s is  would d e v ia te  more from th e  co rrespond ing  r e l a t i v e  
wind p r o f i l e s  i l l u s t r a t e d  in  th e  upper p a n e ls  o f th e se  same f ig u r e s .
The r e s u l t  o f  th i s  s e t  o f a n a ly se s  i s  th a t  th e  g ra d ie n t wind model
does a r e l a t i v e l y  good job  o f s im u la tin g  th e  wind speed p r o f i l e s  over th e  
h igh  energy p o r t io n  o f  th e  storm . This i s  e s p e c ia l ly  t r u e  fo r  th o se  
s c a le s  o f  m otion  r e ta in e d  w ith  the  a p p l ic a t io n  o f  f i l t e r  "A". T h is model 
could then  be used in  a re a s  where wind speed d a ta  a re  m issing  such as 
sometimes happens in  very  heavy p r e c i p i t a t io n  a re a s .  The r e s u l t s  f o r  the 
m issin g  d a ta  a re a s  would be even b e t t e r  than th o se  o b ta in ed  from a n a ly s is  
eq u a tio n  (5) w hich can be viewed as somewhat o f a l e a s t  s t r a i n  curve f i t ­
t in g  te c h n iq u e , s in c e  th e  model e x t r a c t s  in fo rm atio n  from th e  wind and 
p re s su re  f i e l d s  s im u ltan eo u sly .
E v a lu a tio n  of H urricane D ebbie (1969) A nalyses 
H u rrican e  Debbie was seeded f iv e  tim es  on bo th  August 18 and 20,
1969. The maximum wind speed p r io r  to  th e  seed ing  ev en ts  was n e a r ly  th e
same fo r  b o th  d ay s . However, th e  s t r u c tu r e  o f  th e  storm  was somewhat
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d i f f e r e n t  in  th a t  on August 18, a s in g le  eyew all s t r u c tu re  was p re se n t 
(F ig s . 18 and 1 9 ), w h ile  a double eyew all s t r u c tu re  was i n i t i a l l y  p re se n t 
on August 20 (F ig s . 37 and 38). Many of the  changes which occu rred  
p r io r  to ,  d u rin g , and a f t e r  th e  seeding  ev en ts  were d i f f e r e n t  fo r  the  
two days. However, many common fe a tu re s  were a lso  observed to  occur 
d u ring  th i s  same p e r io d .
The k i n e t i c  energy p r o f i l e s  shown in  F ig s . 8 and 9 and th e  percen ­
tage changes l i s t e d  in  Table 1 in d ic a te  th a t  the  maximum k in e t i c  energy 
value d ecreased  fo r  a l l  re p re se n te d  w avelengths from p r io r  to  seed ing  
u n t i l  th e  end o f th e  m on ito ring  m iss io n s on August 18. The n e t  changes 
l i s t e d  in  Table 1 show th a t  a m ajor p o r tio n  o f  th e  re d u c tio n  a s so c ia te d  
w ith  th e  in te rm e d ia te  and s h o r te r  w avelengths occurred  a f t e r  th e  period  
o f th e  th i r d  s e e d in g , w h ile  th a t  a s so c ia te d  w ith  the  longer w avelengths 
( f i l t e r  "C") o ccu rred  p r io r  to  the  time o f th e  th i r d  seeding  e v e n t. In
f a c t ,  i f  one computes th e  change in  k in e t ic  energy from the  l a s t  column
2
in  Table 1 , v a lu e s  o f -341 , -479, and -640 k t  a re  o b ta in ed  fo r  f i l t e r s
"A", ” B", and "C" re s p e c t iv e ly  fo r  th e  change between (1) and (2 ) ,
Since f i l t e r  "A" c o n ta in s  "B" and f i l t e r  "B" co n ta in s  "C", th e se  r e s u l t s
in d ic a te  th a t  a m ajor red u c tio n  was ta k in g  p la c e  in  th e  longer w avelengths
and th a t  th e  in te rm e d ia te  and s h o r te r  w avelengths were a c tu a l ly  enhanced
during  th i s  p e r io d . However, i f  th e se  same q u a n t i t i e s  a re  computed fo r
the tim e p e rio d  from (2) to  (3 ) , ( a f te r  the  th i r d  seeding  u n t i l  n ear the
2
end o f th e  m o n ito rin g  p e rio d ) v a lu es  of -1369, -942, and -280 k t  a re  
ob ta ined  fo r  f i l t e r s  "A", "B", and "C", r e s p e c t iv e ly .  These v a lu es  in d ic a te  
th a t  th e  long wave f e a tu re  con tinued  to  d ec re ase  in  in te n s i ty  d u rin g  th i s  
time p e r io d , b u t a t  a  much slow er r a te  than  e a r l i e r .  A lso, th e  i n t e r ­
m ediate and s h o r te r  w avelength fe a tu re s  which were enhanced p r io r  to  the  
time o f th e  th i r d  seed ing  underwent a d ram atic  re d u c tio n  d u rin g  t h i s  time
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p e rio d . These c h a r a c t e r i s t i c s  a re  f u r th e r  i l l u s t r a t e d  in  F ig s . 10 th rough 
15 which show a tim e s e r ie s  o f band f i l t e r e d  k in e t i c  energy p r o f i l e s .  A 
g en era l enhancem ent i s  shown fo r  m ost o f  th e  s c a le s  o f m otion re p re se n te d  
through th e  tim e o f the  th i r d  seed in g  and th e n  a d ram atic  d ec re ase  i s  
shown th rough  th e  end o f th e  m o n ito rin g  p e r io d .
The r e s u l t s  in  changes o f  k in e t i c  energy  o b ta in ed  fo r  August 20,
1969 show some d i f f e r e n t  c h a r a c t e r i s t i c s .  The changes in  k in e t ic  energy
2 '
fo r  the  l a s t  column in  Table 2 a re  138, 233, and 21 k t  fo r  f i l t e r s  "A", 
"B", and "C” f o r  the  time p e rio d  o f (1) to  (2) ( p r io r  to  the f i r s t  seed ing  
u n t i l  a f t e r  th e  th i r d  seed ing  e v e n t) .  These r e s u l t s  in d ic a te  an in c re a se  
in  k in e t i c  energy  fo r  the  sum of a l l  th e  w aveleng ths re p re se n te d . How­
ev e r, m ost o f  t h i s  in c re a se  was con fined  to  f e a tu r e s  o f eyew all s c a le  
o r la rg e r  fo r  t h i s  tim e p e r io d . The same q u a n t i t i e s  fo r  the p e rio d  o f 
a f t e r  th e  th i r d  seed ing  u n t i l  the  end o f th e  m o n ito rin g  p erio d  a re  -167 , 
-90 , and -60  k t^  fo r  f i l t e r s  "A", "B" and "C" r e s p e c t iv e ly .  These r e ­
s u l t s  imply a re d u c tio n  a t  a l l  w aveleng ths re p re se n te d  s in ce  th e  v a lu e  
fo r  f i l t e r  "A" i s  a la rg e r  n e g a tiv e  number th a n  fo r  "B" and lik e w ise  th e  
value fo r  f i l t e r  "B" i s  a la rg e r  n e g a tiv e  number than  fo r  "C ". These 
r e s u l t s  a re  a ls o  i l l u s t r a t e d  in  F ig s . 39 th rough  43 where a d i s t i n c t  in ­
c rease  in  th e  eyew all s c a le  (F ig s . 43 and 44) i s  noted  through th e  p e r io d s  
o f th e  f i r s t  th r e e  o r  fo u r seed ings  and then  a d ec rease  i s  observed .
During t h i s  same p e r io d , th e  ra in b an d  s c a le  (F ig s . 41 and 41) appeared 
to  be d e c re a s in g  somewhat s te a d i ly  th rough th e  p e rio d  o f  the  m o d ifica ­
tio n  ex perim en t. At th e  same tim e , th e  cumulonimbus s c a le  (F ig s . 39 and 
40) shows an o v e r a l l  enhancement up th rough th e  p erio d  o f  the  th i r d  o r 
fo u rth  seed in g  ev en ts  and then  a c o n s id e ra b le  d e c re a se .
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A summary o f  the  k in e t i c  energy an a ly se s  fo r  th e se  two seed ing  
experim ents in d ic a te s  th a t  on August 18, a la rg e  s c a le  d ec rease  occu rred  
p r io r  to  and d u rin g  most o f th e  m o n ito rin g  p e r io d  which cannot reaso n ab ly  
be a t t r ib u t e d  to  the  seed ing  o p e ra t io n . L ikew ise , a la rg e  s c a le  in c re a se  
in  in te n s i ty  was ta k in g  p la ce  on August 20 d u rin g  th e  e a r ly  p o r tio n  o f 
th e  seed ing  o p e ra tio n . A m ajor p o r tio n  o f  t h i s  in c re a se  was a p p a re n tly  
a s s o c ia te d  w ith  th e  change from a double to  a s in g le  eyew all s t r u c tu r e  
and a lso  could no t reaso n ab ly  be a t t r ib u t e d  to  th e  seed ing  o p e ra tio n . 
However, a s ig n i f i c a n t  d ec re ase  o ccu rred  in  th e se  longer w avelength f e a ­
tu r e s  a f t e r  th e  tim e o f th e  th i r d  o r fo u r th  seed in g . In  g e n e ra l,  the  
r e s u l t s  fo r  the  sm a lle r and In te rm e d ia te  s c a le  f e a tu r e s  showed some en­
hancement d u rin g  th e  e a r ly  p o r t io n  o f the  seed in g  o p e ra tio n s  on bo th  days, 
and then  a d i s t i n c t  d ec re a se  through th e  end o f  th e  m on ito ring  p e r io d s .
The an a ly se s  o f th e  p re s su re  f i e l d s  fo r  August 18 showed a g en e ra l 
d ec re ase  in  th e  p re s su re  g ra d ie n t a s s o c ia te d  w ith  th e  la rg e  sc a le  f e a tu re  
(F ig . 19) to  occur d u rin g  th e  seed ing  ex perim en t. Most o f t h i s  change 
took p lace  p r io r  to  th e  tim e o f the  th i r d  seed in g , a co n d itio n  which was 
observed  in  th e  k in e t i c  energy a n a ly se s . However, th e  minimum c e n t r a l  
p re ssu re  showed l i t t l e  change between th e  tim es o f  th e  f i r s t  and l a s t  
p asses  i l l u s t r a t e d .  The p re s su re  p r o f i l e s  a s s o c ia te d  with cumulonimbus 
(F ig . 2 0 ), ra in b a n d , and eyew all (F ig . 21) s c a le s  a lso  e x h ib ite d  c h a ra c te r ­
i s t i c s  s im ila r  to  th o se  o f  th e  k in e t i c  energy  a n a ly se s . That i s ,  th e se  
s c a le s  showed a g en e ra l d ec re ase  in  the  m agnitudes o f  th e i r  extrem e v a lu e s , 
w ith  most o f  th e  change ta k in g  p la ce  a f t e r  th e  tim e o f the  th i rd  seed ing  
p e rio d .
The an a ly se s  o f p re s su re  fo r  August 20 a lso  shows a g en e ra l de­
c re a se  in  th e  p re s su re  g ra d ie n t fo r  th e  long wave fe a tu re s  (F ig . 48) to
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have o ccu rred  b a s ic a l ly  a f t e r  th e  tim e o f th e  th i r d  seeding  ev en t. The 
cumulonimbus s c a le  p re s su re  p r o f i l e s  (F ig . 49) a ls o  in d ic a te  a re d u c tio n  
in  th e  m agnitudes o f  th e  extrem e v a lu es  n ear the  end o f th e  seed ing  o p er­
a t io n .  T h is re d u c t io n  was n o t as la rg e  as was observed  fo r  th e  August 
18 case , b u t i t  i s  in t e r e s t in g  to  n o te  th a t  the  v a r i a b i l i t y  a s s o c ia te d  
w ith  th i s  p aram eter f o r  August 20 (F ig . 51) was i n i t i a l l y  c o n s id e ra b ly  
sm a lle r than  fo r  A ugust 18. However, the r e s u l t s  a t  th e  end o f  th e  moni­
to r in g  p e r io d s  were q u ite  s im ila r  fo r  bo th  days. The rainband  and eye­
w a ll s c a le s  on August 20 a lso  showed d i s t i n c t  p re s su re  g ra d ie n t d e c re a se s  
to  have o ccu rred  d u rin g  th e  seed ing  o p e ra t io n .
The te m p era tu re  a n a ly se s  fo r  th e se  same tim e p e rio d s  e x h ib i t  c h a r­
a c t e r i s t i c s  a lm ost id e n t ic a l  to  th o se  d e p ic te d  in  th e  p re ssu re  a n a ly se s . 
That i s ,  a g e n e ra l r e d u c tio n  in  th e  tem p era tu re  g ra d ie n ts  fo r  n e a r ly  a l l  
s c a le s  re p re s e n te d  i s  no ted  to  have occu rred  d u rin g  the  p e rio d  o f th e  
m o d if ic a tio n  ex p erim en t. In  a d d i t io n ,  a tem p era tu re  decrease  o ccu rred  
over the c e n t r a l  re g io n s  o f  th e  storm  and an in c re a s e  is  shown t© h!ave 
occurred  d u rin g   ̂ t’h is^  p e rio d  in  J th e  t'ouCer regi'bris (F ig s . 25 and 5 4 ). T his 
same fe a tu re  was g e n e ra lly  p re s e n t in  th e  co rrespond ing  p re ssu re  p r o f i l e s ,  
bu t i s  no t as  r e a d i ly  d is c e rn a b le  due to  th e  sc a le  o f the p lo t te d  g rap h s.
The m o is tu re  a n a ly se s  a lso  e x h ib i t  th e  same g en era l c h a r a c t e r i s t i c s  
as  th e  p re s s u re  and tem p era tu re  f i e l d s .  However, in  a d d itio n  to  th e se  
c h a r a c t e r i s t i c s ,  th e  m o is tu re  le v e l  shows a d i s t i n c t  and s ig n i f i c a n t  in ­
c rea se  to  have o ccu rred  over most o f th e  h ig h  energy p o r tio n  o f th e  storm  
du ring  th e  p e r io d  o f  th e  m o d if ic a tio n  experim en ts on both  days (F ig s . 31 
and 60). Most o f  t h i s  in c re a se  i s  a s s o c ia te d  w ith  th e  longer w avelength  
f e a tu re .  A lso , th e  d i s t i n c t  dry  reg io n  over the  c e n t r a l  p o r tio n s  o f  th e  
storm  which w ere p re s e n t  d u rin g  th e  e a r ly  p asses  became alm ost n o n -e x is te n t 
by th e  end o f  th e  m o n ito rin g  p e r io d . The eyew all re g io n s , q u i te  d i s t i n c t
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in  th e  m o is tu re  a n a ly se s  fo r  the  e a r ly  passes, were a ls o  n e a r ly  e lim in a te d  
(F ig s . 33 and 6 2 ).
The fo llo w in g  g e n e ra l o b se rv a tio n s  can be made concern ing  th e  
o v e ra l l  changes in  s t r u c tu r e  which occurred  d u rin g  th e  seed ing  experim ents 
conducted in  H u rrican e  Debbie on August 18 and 20 o f  1969. F i r s t ,  a 
g en era l re d u c t io n  in  th e  am plitudes and g ra d ie n ts  o f most o f the  p a ra ­
m eters analyzed  o ccu rred  on both  days fo r  s c a le s  o f m otion o f eyew all 
s c a le  o r  sm a lle r  d u rin g  th e  p e rio d  o f the  ex p erim en ts . T his re d u c tio n  
g e n e ra lly  o ccu rred  a f t e r  the  tim e o f  the  th i r d  o r fo u r th  seed in g , i . e . ,  
some fo u r to  s ix  h o u rs  a f t e r  th e  f i r s t  seeding  ru n . There appeared to  be 
a tem porary enhancement o f  th e  sm a lle r s c a le  f e a tu r e s  d u rin g  th e  e a r ly  
p o r tio n s  o f th e  seed in g  o p e ra t io n , bu t the ev idence fo r  t h i s  c o n d itio n  was 
g e n e ra lly  n o t as s tro n g  as fo r  th e  d ecrease  fo r  th e se  same s c a le s  d u ring  
the  l a t t e r  p o r t io n s  o f  th e  experim ent p e r io d s . Also o f p a r t i c u la r  i n t e r ­
e s t  i s  th a t  th e  m o istu re  le v e l  ro se  over most o f  th e  h igh  energy  p o r tio n  
o f  the storm  and in  g e n e ra l,  th e  s t ru c tu re  o f  th e  storm  became more sym­
m e tr ic a l fo r  n e a r ly  a l l  p aram eters  du ring  the  m o d if ic a tio n  experim en ts. 
These s i m i l a r i t i e s  in  changes fo r  the  two seed ing  case s  (August 18 and 
20) o ccu rred  d e s p i te  th e  f a c t  th a t  the long wave f e a tu r e s  were a c tin g  in  
o p p o s ite  d i r e c t io n s  fo r  th e  18th as compared to  th a t  fo r  August 20.
These r e s u l t s  o f f e r  s tro n g  ev idence supporting  th e  b a s ic  seed ing  h y p o th e s is  
d iscu ssed  in  C hapter I I  o f  t h i s  p a p e r / ' They a re - th e  T)asis i fo r i th e  >ntoBe ■ u 
e x p l ic i t - h y p o th e s is  which i s  proposed in  the^nex t s e c t io n .
Proposed Seeding H ypothesis
The h y p o th e s is  proposed in  t h i s  s e c tio n  i s  b a s ic a l ly  an e la b o ra ­
t io n  o f H ypo thesis  I I  d isc u sse d  in  Chapter I I .  The d e t a i l s  o f t h i s  p ro ­
posed h y p o th e s is  a re  based on the  in t e r p r e ta t io n  o f  th e  r e s u l t s  o b ta in ed
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in  the an a ly ses  d esc rib e d  e a r l i e r  and r e s u l t s  o f  o th e r  seeding  experim ents 
conducted on cloud l i n e s ,  In d iv id u a l c lo u d s, and cloud groups. The In te n t  
Is  to  he lp  e x p la in  th e  ev en ts  which may occur In  a h u rr ic a n e  seed ing  
o p e ra tio n  and to  propose a sequence o f ev en ts  which h o p e fu lly  a re  l ik e ly  
to  occur w ith  a p a r t i c u la r  seed ing  experim ent and h ig h ly  u n lik e ly  to  occur 
n a tu r a l ly .  I f  s u c c e s s fu l ,  th i s  h y p o th e s is  would be o f  co n s id e ra b le  a id  
In th e  s t a t i s t i c a l  e v a lu a tio n  o f h u rr ic a n e  seed ing  experim en ts.
H ypothesis I I  c a l l s  fo r  seed ing  from th e  e x te r io r  edge o f th e  band 
o f maximum winds r a d i a l l y  outward fo r  a  d is ta n c e  o f approxim ately  20n mi 
The b a s ic  Idea I s  to  enhance convection  a t  r a d i i  g r e a te r  than the  eyew all. 
The a n a ly s is  r e s u l t s  In d ic a te  th a t  t h i s  e f f e c t  p robab ly  took p lace  d u rin g  
the  e a r ly  p o r tio n s  o f th e  seed ing  o p e ra tio n s  on bo th  August 18 and 20.
The sequence o f ev en ts  which could reaso n ab ly  be expected  to  occur I s  
th a t  f i r s t ,  th e  In d iv id u a l tow ers o r c e l l s  c o n ta in in g  supercooled  w ater 
would grow and t h i s  a long  w ith  th e  f a c t  th a t  the seed ing  o ccu rs  In  a 
somewhat con tinuous manner over a 20n rm lIn te rv a l would cause the  system s 
to  merge over th i s  re g io n . The f a c t  th a t  In d iv id u a l cloud system s can 
be caused to  ex tend  In  h o r iz o n ta l  coverage and p robab ly  merge have been 
amply dem onstrated  In  S torm fury cloud l in e  seed ing  o p e ra tio n s  and by 
Woodley (1970) and Simpson and Woodley (1971) du rin g  experim ents con­
ducted over south  F lo r id a .  At the  same tim e, the  s tro n g  h o r iz o n ta l  wind 
components would spread  the  seeding  agen t and I t s  e f f e c t  around the h igh  
energy p o rtio n  o f  th e  storm . T his w idespread  enhanced convection  would 
r a i s e  the m o istu re  le v e ls  th roughout th e  h ig h  energy p o r tio n  o f the storm . 
At th e  same tim e, th e  In c reased  a sc e n t a t  la rg e r  r a d i i  than  th e  eyew all 
would d ecrease  th e  prom inence o f th e  eyew all by com peting w ith  the eyew all 
fo r  th e  low le v e l  In flow ing  m o istu re  laden  a i r .  The merging o f th e  cloud
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system s would a ls o  d ec re ase  the prominence o f th e  In d iv id u a l cumulonimbus 
c louds and h u r r ic a n e  ra in b a n d s . Each o f  th e se  f e a tu re s  was observed  to  
have occurred  in  h u rr ic a n e  Debbie (1969) on bo th  August 18 and 20. The 
tim e p e rio d s  over which th e se  changes took p la ce  was sometimes d i f f i c u l t  
to  determ ine p r im a r ily  because o f  th e  i n a b i l i t y  to  m onitor s e e d e d  
a rea s  c o n tin u o u s ly . Some a re a s  in  th e  immediate v ic in i t y  o f the  seeded 
a rea s  were m onitored  s h o r t ly  a f t e r  seed ing  and th e re  ap p a re n tly  was n e a r ly  
in s ta n tan eo u s  r e a c t io n  to  th e  seed in g . Of co u rse , the number o f  such 
cases a re  few and i t  i s  d i f f i c u l t  to  s t a t e  w ith  a la rg e  degree o f  c o n f i­
dence th a t  th i s  sh o r t  term  change was d i r e c t l y  r e la te d  to  the  seed ing  
ev en t. However, an alm ost in s ta n ta n e o u s  r e a c t io n  to  seed ing  ag en ts  has 
been observed in  S torm fury c lo u d lin e  seed ing  experim ents (F ig . 1) and in  
numerous in d iv id u a l cumulus seed ing  experim en ts such as those  conducted 
by Woodley and Simpson (1970). I t  i s  n o t u n reasonab le  to  assume th a t  
t h i s  same r e a c t io n  could be expected  in  th e  h u rr ic a n e  environm ent c o n s i­
d e rin g  the  com putations p re v io u s ly  made by the  au th o r (S h ee ts , 1969). We 
w i l l  now enum erate th e  sequence o f ev en ts  which should occur in  a h u r r i ­
cane seeded in  a  manner s im ila r  to  th a t  conducted in  H urricane  Debbie (1969) 
and having a d i s t i n c t  eyew all s t r u c tu r e  w ith  an a s so c ia te d  maximum wind 
speed band. This same sequence o f  ev en ts  were observed to  have a c tu a l ly  
occurred  on b o th  H urricane  Debbie (1969) seed ing  days o r a t  l e a s t  can be 
im plied  to  have o ccu rred  based on in t e r p r e ta t io n  o f  the  analyzed d a ta .
The sequence o f  ev en ts  and r e s u l t s  a re :
1. Enhancement o f sm all s c a le  f e a tu r e s  as d ep ic te d  in  th e  
w ind, tem p era tu re , and p re s su re  f i e l d s  (cumulus and cumulonimbus s c a le s )  
in  the  immediate v i c in i t y  o f th e  seeded a re a , p a r t i c u la r ly  beyond th e  
eyew all region^ w ith in  m inu tes o f the  a c tu a l  seed ing  e v en t. T his re a c t io n
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to  occur w ith  th e  f i r s t  th re e  o r  fo u r seed ing  ev en ts  (4-6 hour p e rio d  
a f t e r  f i r s t  seed ing  run) and sp read in g  around th e  h ig h  energy p o r tio n  
o f  the  storm ,
2. In te rm e d ia te  s c a le  f e a tu r e s  as d e p ic te d  in  th e  w ind, tem­
p e ra tu re ,  p re s s u re ,  and m o istu re  f i e l d s  (rainband  and eyew all s c a le s )  
rem ain prom inent o r  s l i g h t l y  enhanced d u ring  th e  f i r s t  th re e  o r fo u r  seed­
ing e v e n ts .
3. By th e  tim e o f  th e  th i r d  o r  fo u r th  seed in g  e v e n t, th e  seed ­
ing agen t and i t s  e f f e c t s  a re  d isp e rs e d  over th e  h ig h  energy  p o r t io n  o f 
th e  storm  w ith  th e  fo llo w in g  r e s u l t s  which occur and p e r s i s t  through th e  
n ex t 6 to  8 h r  p e r io d  (p e rio d  o f from 6 to  14 h rs  a f t e r  the commence­
ment o f  th e  seed ing  o p e ra t io n ) .
a. A g e n e ra l re d u c tio n  in  th e  tem p era tu re , p re s s u re ,  and m ois­
tu re  g r a d ie n ts ,  p a r t i c u l a r ly  fo r  rainband  and eyew all s c a le  m otions w ith  
th e  r e s u l t in g  re d u c tio n  in  th e  prominence o f th e se  f e a tu r e s .
b . A re d u c t io n  in  th e  maximum tem peratu re  v a lu e s  over th e  cen ­
t r a l  re g io n s  and an in c re a s e  in  tem pera tu re  a t  r a d i i  beyond the  eyew all 
re g io n .
c . A g e n e ra l in c re a se  in  the m o istu re  le v e ls  fo r  the  la rg e  
s c a le  f e a tu r e s  co v erin g  th e  h igh  energy p o rtio n  o f th e  h u r r ic a n e s .
The co n c lu s io n s  drawn above a re  based upon and to  be ap p lied  to  
d a ta  c o l le c te d  in  th e  mid to  low er tro p o sp h ere . However, w ith  th e  v e r t i c a l  
c o n t in u ity  known to  e x i s t  in  th e  h u rr ic a n e  ( s e v e ra l case  s tu d ie s  p re v io u s ly  
c i t e d ) ,  th e se  r e s u l t s  should apply  to  most o f th e  tro p o sp h e r ic  p o r t io n  o f 
the  h u r r ic a n e . However, as was in d ic a te d  e a r l i e r  th e  b a s is  fo r  th e  e v a lu a ­
t io n  i s  s t i l l  e m p ir ic a l ev idence s in c e  s t a t i s t i c a l  co n fidence  le v e ls  a re  
d i f f i c u l t  to  a s c e r t a in .
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APPENDIX A
MATHEMATICAL DEFINITIONS AND DERIVATIONS 
D e f in i t io n s
The d e f i n i t i o n s  and approxim ations l i s t e d  below a re  used in  the  
d e r iv a t io n s  which fo llow . The u n i t s  of the  v a r io u s  q u a n t i t i e s  a re  g iven 
in  k n o ts  ( k t ) , n a u t i c a l  m iles  (n ml), degrees  c e n t ig ra d e  (C ) , and grams 
per k ilogram  (gm /kg), s in ce  th e se  a re  the u n i t s  norm ally  a s s o c ia te d  w ith  
a i rb o rn e  m e te o ro lo g ic a l  o b s e rv a t io n s .
The s c a le  param eters  a re
V = 100 k t  T = 10°C M = 10 gm/kg
L = 20 n mi D = .1 n mi
g = 980 cm/sec^ = 6.8515 x lO^nmi/hr^ 
f  = 4.98802 X 10"^ s e c ' l  = .1795687 h r"^  a t  20° N.
The nondim ensional v a r i a b le s  and o p e ra to r s  a re  d e f in e d  as
r  = L r ’ c = Vc' z = Dz'
Vg = VVg’ T = T t '  0 = ®e'
V = W  V = Vv ' M = ÏM’r  r
z = Dz' D = DD* V = T V 'r  L r
where the primed q u a n t i t i e s  are  the  nondimensional form o f  the  v a r i a b le s  
and o p e ra to r s .  The v a r i a b le s  Vg and v^ are  the  t a n g e n t i a l  and r a d i a l
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components o f  th e  wind, r e s p e c t iv e ly ,  T i s  te m p era tu re ,  M i s  mixing r a t i o ,
D i s  th e  h e ig h t  anomaly of a given p r e s s u re  su r fa c e  from the  same s u r fa c e  
in  the  U.S. s ta n d a rd  atmosphere (D -v a lu e ) , V i s  the  observed wind speed , 
z i s  the  observed  h e ig h t  o f  the  p re s s u re  s u r f a c e ,  and C i s  the  g r a d ie n t  
wind speed.
The f i n i t e  d i f f e r e n c e  o p e ra to r s  used a re  cen te red  d i f f e r e n c e s ,  i . e . ,
V  = (^.+1 -
= Vp9p8
n
V "e = V V . . .V  6 r  r  r
where 0 i s  any v a r i a b l e  and d i s  the i n t e r v a l  Ar, The s u b s c r ip t  n in d i c a t e s  
the  increm ent o f  Ar along  the r a d i a l  a x i s .
S ca l in g  and N ond im ensiona liza tion  of 
The f i r s t  f u n c t io n a l  i s  d e f in ed  in  Chapter I I  as
^  (§r^ ^ +  QfCe -  ■0)^}dr . (A. 1)
The s c a le  param eters  and nondim ensional v a r i a b le s  de f ined  above
are  used to  d e r iv e  a nondim ensionalized f i n i t e  d i f f e r e n c e  analog f o r  ( A . l ) ,
i . e . ,
J l  = s  + Y ^ ( V ' j . 0 ' ) ^  + a® ^ e '- '? )^ } A r  .
2 / 4  2 2The term s P® /L  , y® /L , and a® must a l so  be nondim ensionalized .
To accomplish t h i s  t a s k ,  we choose the  nondim ensional v a lu es  fo r  P, y ,  and 
a ,  and then  de te rm ine  the  implied d im ensiona l w eight from the  p r io r  g iven  
d e f i n i t i o n s  and s c a le  param ete rs .  For in s ta n c e ,  one s e t  o f  nondim ensional 
w eigh ts  used in  th e  an a ly se s  performed in  t h i s  paper i s  a  = 1, Y = P = 100.
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L e t t i n g  0 be th e  ta n g e n t i a l  component o f  th e  w ind, we o b ta in
= 1.6 X lO ^nm ^ hr^  
y . = or Y = ^  = 1 0 0 x l0 0 x 4 .m i^  .  4
and
L L 1 0 0  n mi h r '
a '  = a® = aV or a = ^  = --------------     = 10 h r n m i
lOOn mi h r ”
The nondim ensional f i n i t e  d i f f e r e n c e  analog  o f  (A .l)  becomes
J .  = S { p 'C V ^ e ' ) ^  + Y '( V  0 ' ) ^  + cx '(e '  -■§)^]Ar (A.2)
1 J. r  r
and f o r  convenience we can drop the  prime n o ta t io n  s in c e  a l l  terms a re  
now nondim ensionalized .
S o lu tion  o f  Equation  (5)
The a n a ly s i s  equa tion  d e r iv ed  from (A.2) becomes
PVj.^0 -  YVj.^0 + a ( 0 - 0 )  = 0 (A.3)
2 4The f i n i t e  d i f f e re n c e  o p e ra to r s  0 and 0 a re  de f ined  by
. - 2 , _ . - 1
= <e„+l +
and
= (8.+Z + e . , .2  + '
This eq u a t io n  i s  r e a d i ly  solved by i t e r a t i v e  te ch n iq u es .  The 
Liebmann method was used fo r  t h i s  paper.  This method r e q u i r e s  t h a t  the  
c o r re c te d  v a lu e s  f o r  0 must s a t i s f y  the a n a ly s i s  eq u a t io n .  That i s ,  i f  
a r e s id u a l  e x i s t s  a t  a p o in t  on the  v th  i t e r a t i o n ,  then  a c o r r e c t io n  must
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be ap p l ie d  to  t h a t  p o in t  such t h a t  th e r e  would be no r e s id u a l  on the  v+1 
i t e r a t i o n .  However, t h i s  c a l c u l a t i o n  uses  v a lu es  from surrounding  p o in ts  
which a lso  must be c o r re c te d .  T h e re fo re ,  the  method " i t e r a t e s "  toward 
the  c o r r e c t  s o lu t io n .  These approx im ations  a re  made in  o rd e r  to  minimize 
the number o f  f ix e d  end p o in ts  r e q u i r e d .  The r e s id u a l  on the  v th  scan a t  
the  n^^ p o in t  i s .
(A. 4)
<  '  « V 2 + C 2 + <  -




= 0^ + o r  A0 = 8^^^ -  0^ ' (A. 6)n n n  n n n
V V
The term A0^ i s  the  c o r r e c t io n  f a c t o r  to  be ap p l ie d  to  0^ and i s
o b ta in ed  by s u b t r a c t in g  (A.4) from (A .5 ) ,  i . e . ,
- r' ' = 68(0^+1 -  0 ^ ) /d ^  + 2Y(0^"*'^ -  0%)/d2 n n n n n
-  8%)
o r making use o f  (A.6 ) ,
A0^ = -  R.^V[68/d4 +  2Y/d^ + a ] .  (A.7)n n
A ppropria te  v a lu es  a re  chosen f o r  the  w eights or, Y> and 8 . An 
i n i t i a l  f i e l d  i s  s p e c i f i e d  based on the  observed d a ta  and along  w i th  the
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observed v a lu e s  a re  in s e r t e d  in to  Eqs. (A.4 ) ,  (A.6 ) ,  and (A.7 ) .  In  
a c tu a l  p r a c t i c e ,  an over r e l a x a t i o n  f a c t o r  (Thompson, 1961) i s  used, 
i . e . ,  Eq. (A.6) becomes
v+1 V V
+ 1 .9  X (A.8)
The r a t e  o f  convergence to  the  s o lu t i o n  using  t h i s  technique i s  i l l u s t r a t e d  
in  F ig .  5 f o r  a ty p i c a l  s e t  o f  d a t a .
Sca ling  and N ond im ensiona liza tion  o f  J 2
The fu n c t io n a l  c o n ta in in g  and the g ra d ie n t  wind c o n s t r a i n t  i s  
d e f in ed  in  Chapter I I  as
2
^2 ~ [ a ( c - v ) ^ + Y ( z - * z ) ^  + P(”  + fc  -  g
,s2o,2 -  " ' 2  (A-*)
The s c a le  param eters  and nondim ensionalized v a r ia b le s  d e f in ed  
p re v io u s ly  a re  used to  d e r iv e  a nondim ensionalized  f i n i t e  d i f f e r e n c e  
analog f o r  (A.9 ) ,  i . e . ,
J„  = Z [ofV^Cc' -  v ' ) ^  + YD^(z* - z ' ) 2  
^ r
n 2
+ P ( +  fv c '  -  g -  V '^ z ' )
+ ^ 1 ( 1  +  ^ 2 (1 ;  9 ' r ^ c ' ) '
+ V 'j .z ') ^  +  V '^^z ')^}A r





+ 1̂ 3 ^  ( v ' f Z ' ) ^  '*’ ^4 ^  (v 'j .^z ')^ }A r (A.IO)
where the  prim es In d ic a te  nondimensional q u a n t i t i e s .  Recognizing t h a t  
the  Rossby number Rq = V/fL and the  Froude number, F = V/ gd and d e f in in g  
the  nondim ensional w eigh ts  as fo llow s
or' = aV^ y ' = YD  ̂ P ' = PV^/L^
^ l '  "  ^ 2 ' = ^^3' =
we can w r i t e  (A.IO) as
J_ = S Ca 'Cc '  - v ' ) ^  +  Y (z '  - T ' ) ^  + p ' ( £ l !  + | 1  _ 1 y .  z ' ) 2  
* r  ^ ^0 F
+ (V '^c ' ) 2  + ( 9 'p 2 c ' ) 2  + 4 I 3 ' (V '^ z ' ) 2
+ M,^'(V 'j.^z ')^]Ar (A. 11)
where a l l  terms a re  nondimensional and th e  prime n o ta t io n  can be dropped 
fo r  convenience.
S o lu tio n s  of Equations (16) and (17)
The a n a ly s i s  equ a t io n s  de r ived  from (A .11) r e s u l t  in  a s e t  o f  
two n o n - l in e a r  d i f f e r e n c e  equa tions  which must be solved s im u ltaneously .  
The r e s u l t i n g  eq u a t io n s  are
4 2 (A-12)




4 2 ^  (A.13)
+ Z -  z +  a (z  - z) = 0 .
These eq u a t io n s  a re  so lved  by use o f  th e  s e q u e n t i a l  r e l a x a t i o n  or 
Liebmann method. The r e s id u a l  on the  v th  sca le  a t  the  n th  p o in t  fo r  Eq.
(A .12) i s  ^
+ +  V 2  + -  A c L  -
• +  C i  ■ • (A-14)
The r e q u i re d  c o n d i t io n  f o r  the  v+1 i t e r a t i o n  a t  the  n th  p o in t  i s
v+1
- C i >  - 32% ; < C i  ■ C i >












+ Azn o r







The terms Ac^ and Az^ a re  the c o r r e c t io n  f a c t o r s  to  be a p p l ie d  to  n n
c^ and z \  The term Ac^ can be ob ta ined  by s u b t r a c t in g  (A.14) from (A.15),
I . e . ,
< v i  -
n
-  ( < ) ' ]  -  ( . ) ' ]  
u U n
+ 2L^jj,^(c^'''^ - c^ ) /d ^  + o'Cc^*''^ -  c^) (A.17)
Making use o f  (A. 16), we o b ta in
and
( C ' ) '  = ( <  + = ( < ) '  +  2c%Ac% + (Ac%)2
+ 3c\Ac% )^ + (Ac%)^n n n
(A.18)
S u b s t i tu t in g  (A.16) and (A.18) in to  (A.17),  we o b ta in
■< = - < v i  - C l )  <  + ^
0
or
= ^  + Æ  c : + ( Ac: ) '
"  ' ' r . '  ' V n
+ ( C i - C l ) + # X + i # ; <
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I f  we assume Ac^ i s  sm all,  we can Ignore the  h ig h e r  o rd e r  terms in  Ac^ 
and (A.19) becomes
<  “  - < / [ -  < V i  - v î >  + ^  ( < ) '
, ,  (A. 20)
Following a s im i l a r  p ro cess ,  the  r e s id u a l  on the  v th  scan a t  the  n th  p o in t  
fo r  Eq. (A.13) i s
<  ■ ^  < v i  +  C Î  •  ( C l  •
n “-n
+ + V 2  +  -  ‘ C l  -
- ^ 3 ^ ' [ C i  + C i - < ] / ^ '  + ^ ( < - V  (‘ - 2 «
The r e q u ire d  c o n d i t io n  fo r  the v+1 i t e r a t i o n  a t  the n th  p o in t  i s
< " ^ - F ( C i  +  C i - < " ' ) / ^ '
+ ^ ( C i  -  -  r i  ( C ' ) 'u ^n
+ ^ ( C i ) '  -n
+  . 4C C 2 +  V 2  +  ‘ C  -  ‘ C l  -  ‘ C i ] / ^ '
-  ^ 3 ^ " [ C i  +  C l  -  ' C ' ] / " "  +  V ( C  -  V  • (‘ - ^ ^
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S u b tra c t in g  (A.21) from (A.22), we o b ta in
2
"  (A.23)
+  ^  <z'’+'- -  z ' ')  +  -  z '’) +Y(z''+1 -  z '’)dT n n' d2 n n n n'
S u b s t i t u t in g  (A .16) and (A.18) in to  (A.23) we o b ta in
or
-  / t  -  # 2F r_  F rn n
_2PL^ 2|i,3L2 (A. 24)
A ppropria te  v a lu e s  a re  chosen fo r  th e  w eigh ts  o', P, Y> ^>2’ 
p,g, and and an i n i t i a l  o r  f i r s t  guess f i e l d  i s  s p e c i f i e d  by o b ta in in g  
va lues  a t  each g r id  p o in t  by a simple e x t r a p o la t io n  o f  the  n e a re s t  ob­
served v a lu es  to  p o in t .  This i n i t i a l  f i e l d ,  along w i th  the observed 
v a lues  a re  used in  Eqs. (A.14), (A.16),  (A.2 0 ) ,  (A .2 1 ) ,  and (A.24) to  
o b ta in  the  ana lyzed  f i e l d .  Again, in  a c tu a l  p r a c t i c e ,  an o v e r re la x a t io n  
f a c to r  i s  used , i . e . ,  Eq. (A.16) becomes
c^^^ = c^ + 1.9Ac^ and z^^^ = + 1.9Az^ (A.25)n n n n n n
An i l l u s t r a t i o n  o f  the  r a t e  o f  convergence to  the  s o lu t i o n  fo r  t h i s  s e t  
o f  equa t ions  and techn ique  i s  shown in  F ig .  7 f o r  a ty p i c a l  s e t  of d a ta .
TABLE 1
MAXIMUM SPECIFIC KINETIC ENERGY (KT^)
AND PERCENT CHANGES FOR HURRICANE DEBBIE ON AUGUST 18, 1969
F i l t e r Obs. Time (GMT) (SW-NE/SE-NW)
QUADRANT !
SW NE SE NW NET
(1) 1313/1204 2604 3878 2625 2475
i
3878 j
(2) 1825/1644 3248 3537 2610 3328 3537 j
(3) 0157/0108 1789 2168 1613 2111 2168 1
"A"
% change (1) to  (2) +24.73 - 8.79 - 0 .57 +34.46 -  8.79
7o change (2) to  (3) -44 .91 -38 .70 -38 .19 -36 .56 -38 .70
7o change (1) to  (3) -31 .29 -44 .09 -38 .55 -14 .70 -44 .09
1
(1) 1313/1204 2049 3370 2251 1953 3370
(2) 1825/1644 2620 2891 2438 2661 2891
(3) 0157/0108 1667 1949 1486 1869 1949
"B"
% change (1) to  (2) +27.86 -14 .21 + 8 .30 +36.25 -14 .21
% change (2) to  (3) -36 .37 -32 .58 -39 .0 4 -29.76 -32 .58
% change (1) to  (3) -18 .6 4 -42 .16 -33 .98 - 4 .30 -42 .16
(1) 1313/1204 1307 2557 1712 1432 2557
(2) 1825/1644 1664 1917 1811 1663 1917
(3) 0157/0108 1423 1564 1291 1637 1637
"C"
% change (1) to  (2) +27.31 -25 .02 + 5.78 +16.13 -25 .02
% change (2) to  (3) -14 .48 -18.41 -28 .71 - 1.56 -14 .60
% change (1) to  (3) + 8.87 -38 .83 -24 .59 +14.31 -35.97
These v a lu e s  w ere o b ta ined  by a p p l i c a t io n  o f  f i l t e r s  "A", "B", and 
"C", and a re  g iven  by q uad ran t  as w e l l  as th e  n e t  change re g a rd le s s  
o f  Q uadran t.
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TABLE 2
MAXIMUM SPECIFIC KINETIC ENERGY (KT^)
AND PERCENT CHANGES FOR HURRICANE DEBBIE ON AUGUST 20, 1969
Obs. Time (GMT) 
(SW-NE/SE-NW)
OUADRANT
F i l t e r SW NE SE NW NET
(1) 1140/0955 3374 3448 3931 3755 3931
(2) 1700/1445 4069 3637 3863 3912 4069
(3) 0210/2311 3576 2959 3822 3902 3902
"A"
% change (1) to  (2) +20.59 +  5.48 -  1.72 + 4.18 + 3 .51
% change (2) to  (3) -12 .11 -18 .64 -  1.06 -  0.25 -  4 .10
% change (1) to  (3) + 5.98 -14 .18 -  2.77 + 3.91 -  0 .73
(1) 1140/0955 2929 2691 3378 3033 3378
(2) 1700/1445 3611 3335 3452 3495 3611
(3) 0210/2311 3170 2666 3268 3521 3521
"B"
% change (1) to  (2) +23.28 +23.93 + 2.19 +15.23 +  6 .89
% change (2) to  (3) -12.21 -20 .05 -  5 .33 + 0 .74 -  2 .49
% change (1) to  (3) + 8 .22 -  0 .92 -  3.25 +16.08 + 4 .23
(1) 1140/0955 2317 2162 2699 2300 2699
(2) 1700/1445 2603 2498 2720 2550 2720
(3) 0210/2311 2368 1973 2306 2660 2660
"C"
% change (1) to  (2) +12.34 +15.54 + 0.77 +10.86 +  0 .77
% change (2) to  (3) -  9 .02 -21 .01 -15 .22 + 4.31 -  2 .20
% change (1) to  (3) + 2.20 -  8 .74 -14 .56 +15.65 -  1 .44
These v a lu e s  were o b ta ined  by a p p l i c a t io n  o f  f i l t e r s  "A", "B", and 
"C", and a re  g iven  by quadran t as  w e l l  as th e  n e t  change r e g a r d l e s s  
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from the  f u n c t io n a l  J l  f o r  s e l e c t e d  w e ig h ts .
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Fig. 8. K in e tic  energy p r o f i l e s  fo r  the 
l e f t  and r ig h t  (SW-NE) s id e s  o f  the 
storm , r e s u lt in g  from a p p lic a tio n
o f  f i l t e r s  "A", -------
th e  observed  d a ta .
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"B", and "C" to
F ig .  9 .  K in e t i c  energy p r o f i l e s  f o r
t h e  f r o n t  and r e a r  (NW-SE) p o r ­
t i o n s  o f  the  s to rm , r e s u l t i n g  
from a p p l i c a t i o n  o f  f i l t e r s  
"A ", "B " , and "0" to  th e  ob­
se rv e d  d a ta .
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Fig. 10. Kinetic energy profiles resulting from application of band filter "D" (y* cumulonimbus
scale) to the data recorded In the southwest and northeast portions of the storm.
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SPECIFIC KINETIC ENERGY______________________  BAND F I L T E R  ' D
CALL TIMES GMT)
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F ig .  11. K in e t ic  energy p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  o f  
band f i l t e r  "D" ^ .cu m u lo n im b u s  s c a le )  to  th e  d a t a  r e ­
corded  in  the  n o r th w e s t  and s o u th e a s t  p o r t i o n s  o f  th e  
storm .
H U R R IC A N E  D E B B I E  A U G U S T  1 8 , 1 9 6 9
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Fig. 12. Kinetic energy profiles resulting from application of band filter "E" rainband
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F ig .  13. K in e t i c  energy  p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  o f  band
f i l t e r  "E" ra inband  s c a le )  to  the  d a t a  reco rd ed  in  the
n o r th w e s t  and s o u th e a s t  p o r t io n s  o f  the  s torm .
H U R R I C A N E  D E B B I E  A U G U S T  1 8 .  1 9 . 6 9
BAND FILTER "FS P E C I F I C  K I N E T I C  E N E R G Y
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Fig. 14. Kinetic energy profiles resulting from application of band filter ”F"
eyewall scale) to the data recorded in the southwest and northeast
portions of the storm.
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P ig .  15. K in e t i c  energy  p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  o f  band
f i l t e r  "F" ^  eyew a ll s c a le )  to  the data recorded in  the northw est 
and so u th ea st  p o rtio n s  o f the storm
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F ig .  16. R e l a t i v e  wind speed v a r i a b i l i t y  p r o f i l e s  f o r  approx im ate  cumulo­
nimbus s c a l e  m otion  (VARIB Wl),
9 0
HURRICANE DEBBIE AUGUST 1 8 ,1 9 6 9  






4 0 4 0












4 0 4 0
3 0 3 0
20
4 0
RADIAL DISTANCE (NAUTICAL MILES)
2 0  4 0
(SW) (NE)
F ig .  17. R e l a t i v e  wind speed v a r i a b i l i t y  p r o f i l e s  f o r  approx im ate  ra in b a n d  
s c a le  m otion (VARIB W2).
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F ig .  18. R e l a t i v e  wind speed v a r i a b i l i t y  p r o f i l e s  fo r  approxim ate  eyew all 
s c a l e  motion (VARIB W3).
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F ig .  19. P r o f i l e s  o f  "D” v a lu e s  r e s u l t i n g  from a p p l i c a t i o n  o f  f i l t e r s  
"A ", "B " , and "C" to  the  observed d a t a  f o r  th e  p e r io d s  o f  b e ­
f o r e ,  d u r in g ,  and a f t e r  the  s e r i e s  o f  se e d in g  e v e n t s .
I l f s l l
HURRICANE DEBBIE AUGUST 1 8 , 1 9 6 9
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Fig. 20. Profiles of "D" values resulting from application of band filter "D" to
the observed data cumulonimbus scale).
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F i g .  2 1 .  P r o f i l e s  o f  " D "  v a l u e s  r e s u l t i n g  f r o m  a p p l i c a t i o n  o f  b a n d  f i l t e r s  
" E ”  a n d  " F "  r a i n b a n d  and . e y e w a l l  s c a l e s  r e s p e c t i v e l y )  t o  t h e  o b ­
s e r v e d  d a t a .
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F i g .  2 2 .  P r e s s u r e  v a r i a b i l i t y  p r o f i l e s  f o r  a p p r o x i m a t e  c u m u lo n im b u s  s c a l e  m o t i o n .
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F ig .  24. P r e s s u re  v a r i a b i l i t y  p r o f i l e s  f o r  approx im ate  eyew all s c a l e  m otion .
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F ig .  25. Tem perature  p r o f i l e s  o b ta in e d  by a p p l i c a t i o n  o f  f i l t e r s  
” A", ‘'B” , and "C" fo r  the  p e r io d s  o f  b e f o r e ,  d u r in g  
and a f t e r  th e  s e r i e s  o f  s e e d in g  e v e n ts .
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Fig. 26. Temperature profiles resulting from application of band filter "D"
cumulonimbus scale) to the observed data.
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Fig. 27. Temperature profiles resulting from application of band filters
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Fig, 28. Temperature variability profiles for approximate cumulonimbus
scale motion.
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F i g .  2 9 .  T e m p e ra tu re  v a r i a b i l i t y  p r o f i l e s  f o r  a p p ro x im a te  r a in b a n d  
s c a l e  m o t io n .
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F ig .  31. M ixing r a t i o  p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  of f i l t e r s  , 
"B " ,  and "C" to  th e  observed  d a t a  f o r  th e  p e r io d s  o f  b e f o r e ,  
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F i g .  3 2 .  M i x i n g  r a t i o  p r o f i l e s  r e s u l t i n g  f r o m  a p p l i c a t i o n  o f  b a n d  f i l t e r  " D "  t o  o b s e r v e d  
d a t a  ( ^ c u m u l o n i m b u s  s c a l e ) .
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F ig .  33. Mixing r a t i o  p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  o f  band 
f i l t e r s  "E " ,  and "F" ra in b a n d  and eyew all  s c a le s  r e ­
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Fig. 34. Moisture variability profiles for approximate cumulonimbus
scale motion.
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Fig. 36. Moisture variability profiles for approximate eyewall
scale motion.
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F ig .  37. K in e t i c  en e rg y  p r o f i l e s  fo r  
th e  l e f t  and r i g h t  (SW-NE) 
s id e s  o f  th e  s to rm , r e ­
s u l t i n g  from a p p l i c a t i o n  
o f  f i l t e r s  "A ", "B " , and 
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F ig .  38. K in e t i c  energy p r o f i l e s  f o r  
th e  f r o n t  and r e a r  (NIf-SE) 
p o r t i o n s  o f  th e  s torm , r e ­
s u l t i n g  from a p p l i c a t io n  o f
f i l t e r s  "A" 'B", and "C" to
th e  observed  d a ta .
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Fig. 39. Kinetic energy profiles resulting from application of band filter "D”
(-N/ cumulonimbus scale) to the data recorded in the southwest and
northeast portions of the storm.
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F ig .  40. K in e t i c  energy  p r o f i l e s  f o r  th e  f r o n t  and r e a r  (NW-SE)
p o r t i o n s  o f  th e  storm r e s u l t i n g  from a p p l i c a t i o n  o f
band f i l t e r  "D" cumulonimbus s c a le )  to  th e  observed
d a t a .
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B AND F I L T E RS P E C I F I C  K I N E T I C  E N E R G Y










































RADIAL DISTANCE (NAUTICAL MILES)
(NE)
w
F i g .  41 . K i n e t i c  e n e rg y  p r o f i l e s  f o r  th e  l e f t :  and r i g h t  (SW-NE) s i d e s  o f  th e  s to rm  
r e s u l t i n g  from a p p l i c a t i o n  o f  band f i l t e r  "E" r a in b a n d  s c a l e )  to  th e  
o b s e rv e d  d a t a .
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F ig .  42 . K in e t i c  energy  p r o f i l e s  f o r  th e  f r o n t  and r e a r  (W-Î-SE) p o r t i o n s  
o f  th e  s to rm , r e s u l t i n g  from a p p l i c a t i o n  o f  band f i l t e r  "E" 
r a in b a n d  s c a l e )  to  th e  o b se rv ed  d a ta .
HURRICANE D EB B IE  AUGUST 2 0 ,  1 9 6 9
S PEC I FI C KI NET IC  E N E R G Y BAND FILTER  "F"

















































F i g .  A3. K i n e t i c  e n e rg y  p r o f i l e s  f o r  th e  l e f t  and r i g h t  (SW-NE) s i d e s  o f  t h e  s to rm  
r e s u l t i n g  from a p p l i c a t i o n  o f  band f i l t e r  "F"  e y e w a l l  s c a l e )  to  th e  
o b s e rv e d  d a t a .
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F ig .  44. K in e t i c  ene rg y  p r o f i l e s  fo r  the f r o n t  and r e a r  (KV7-SE) p o r t io n s  
o f  th e  s to rm , r e s u l t i n g  from a p p l i c a t i o n  o f  band f i l t e r  "F" 
e y ew a ll  s c a l e )  to  the  observed  d a t a .
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F tg ,  45. R e l a t i v e  wind s p e e d * v a r i a b i l i t y  p r o f i l e s  f o r  a p p ro x i ­
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F i g .  4 6 .  R e l a t i v e  w in d  s p e e d  v a r i a b i l i t y  p r o f i l e s  f o r  a p p r o x i ­
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F i g .  4 7 .  R e l a t i v e  w in d  s p e e d  v a r i a b i l i t y  p r o f i l e s  f o r  a p p r o x i m a t e  
e y e w a l l  s c a l e  m o t i o n .
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F ig .  48. P r o f i l e s  o f  "D" v a lu e s  r e s u l t i n g  from a p p l i c a t i o n  
o f  f i l t e r s  "A", "B ", and "C" f o r  the  p e r io d s  o f  
b e f o r e ,  d u r in g  and a f t e r  th e  s e r i e s  o f  s e e d in g  e v e n ts .
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Fig. 49. Profiles of "D" values resulting from application of band filter
”D" ^  cumulonimbus scale) to the observed data.
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F ig ,  50. P r o f i l e s  o f  ”D" v a lu e s  r e s u l t i n g  from a p p l i c a t i o n  o f  band 
f i l t e r s  "E" and "F" ra inband  and eyew all s c a le s  r e s p e c ­
t i v e l y )  to  the  o b se rv ed  d a t a .
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Pig. 51. Pressure variability profiles for approximate cumulonimbus
scale motion.
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Fig. 53. Pressure variability profiles for approximate eyewall scale motion.
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F ig .  54. Tem perature p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  o f  
f i l t e r s  "A", "B", and ” C" f o r  the  p e r io d s  o f  b e f o r e ,  
d u r in g ,  and a f t e r  th e  s e r i e s  o f  s eed in g  e v e n ts .
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Fig. 55. Temperature profiles resulting from application of band filter "D"
cumulonimbus scale) to the observed data.
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Fig. 56. Temperature profiles resulting from application of band filters
"E" and ”F" (v rainband and eyewall scales respectively) to
the observed data.
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57. T em pera tu re  v a r i a b i l i t y  p r o f i l e s  f o r  approxim ate 
cumulonimbus s c a le  m otion .
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F ig .  58 . Tem perature v a r i a b i l i t y  p r o f i l e s  f o r  approx im ate  





V A R IB  T 3
4 5
1 1 4 0  GMT 
1 7 0 0  GMT 
2 1 / 0 2 1 0  GMT
4 0
3 5
0  3 0
> • 2 5
5 0  4 0  5 0  2 0  1 0  ^  1 0  2 0  3 0  4 0
( S W )  RA D IA L D IST A N C E  (N A U T IC A L  M I L E S )
5 0
( N E )
Fig. 59. Temperature variability profiles for approximate eyewall
scale motion.
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F ig .  60. Mixing r a t i o  p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  o f  
f i l t e r s  "A", "B", and "C" to  the  observed  d a ta  f o r  
th e  p e r io d s  of b e f o r e ,  d u r in g ,  and a f t e r  the  s e r i e s  
o f  seed in g  e v e n t s .
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Fig. 61. Mixing ratio profiles resulting from application of band filter
"D" cumulonimbus scale) to the observed data.
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Fig. 62. Mixing ratio profiles resulting from application of band
filters "E" and "F" rainband and eyewall scales respec­
tively) to the observed data.
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F ig .  63. M o is tu r e  v a r i a b i l i t y  p r o f i l e s  f o r  a p p ro x im a te  cumulonimbus 
s c a l e  m o tion .
136
HURRICANE DEBBIE AUGUST 20. 1969














































35 3  




















RADIAL DISTANCE (NAUTICAL MILES)
20 40(SW) (NE)
Fig. 64. Moisture variability profiles for approximate rainband
scale motion.
HURRICANE DEBBIE
MIXING RATIO V A R IA B IL ITY









(SW) RADIAL DISTANCE (NAUTICAL MILES) (NE)
F ig .  65. M o is tu re  v a r i a b i l i t y  p r o f i l e s  f o r  ap p ro x im a te  e y e w a l l  s c a l e  m o t io n .
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Fig. 66. Gradient wind component analysis resulting from application
of filter "A", with and without gradient wind constraint, to
the observed pressure and wind fields.
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F ig .  67. Wind speed  p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  o f  f i l t e r  "A" w i th  (D, E, 
and F) and w i th o u t  (A, B, and C) t h e  g r a d i e n t  wind c o n s t r a i n t .  The 
r e l a t i v e  wind speed  i s  o b ta in e d  d i r e c t l y  from th e  a n a l y s i s  w h i le  th e  
g r a d i e n t  wind p r o f i l e  i s  computed from th e  r e s u l t i n g  p r e s s u r e  f i e l d .
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Fig, 68. Gradient wind component analysis resulting from application
of filter "B", with and without the gradient wind constraint,
to the observed pressure and wind fields.
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F i g .  69. Wind speed  p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  o f  f i l t e r  "B " ,  w i th  (D, E, and F) 
and w ith o u t-  (A, B, and C) th e  g r a d i e n t  wind c o n s t r a i n t .  The r e l a t i v e  wind 
speed  r e s u l t s  d i r e c t l y  from th e  a n a l y s i s ,  w h i l e  t h e  g r a d i e n t  w ind i s  com­
p u te d  from th e  r e s u l t i n g  p r e s s u r e  f i e l d .
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Fig. 70. Gradient wind component analysis resulting from application
of filter "A", with and without the gradient wind constraint,
to the observed pressure and wind fields.
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F ig .  71 . Wind speed  p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  o f  f i l t e r  "A " ,  w i th  (D, E , and F) 
and w i th o u t  (A, B, and C) th e  g r a d i e n t  wind c o n s t r a i n t .  The r e l a t i v e  wind 
speed  r e s u l t s  d i r e c t l y  from th e  a n a l y s i s ,  w h i l e  th e  g r a d i e n t  w ind p r o f i l e  I s  
computed from th e  r e s u l t i n g  p r e s s u r e  f i e l d .
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F ig .  72. Gradient: wind component a n a l y s i s  r e s u l t i n g  from 
a p p l i c a t i o n  o f  f i l t e r  "B", w ith  and w i th o u t  the  
g r a d i e n t  wind c o n s t r a i n t ,  to  the  observed  p r e s s u r e  
and wind f i e l d s .
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F ig .  73. Wind speed  p r o f i l e s  r e s u l t i n g  from a p p l i c a t i o n  o f  f i l t e r  "B " ,  w i th  (D, E, and F) 
and w i th o u t  (A, B, and C) tl ic  g r a d i e n t  wind c o n s t r a i n t .  The r e l a t i v e  wind 
speed  r e s u l t s  d i r e c t l y  from th e  a n a l y s i s ,  w h i l e  th e  g r a d i e n t  wind i s  com­
p u te d  from th e  r e s u l t i n g  p r e s s u r e  f i e l d .
